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Executive Summary
The B-Zone Waste Rock Pile consist of 5.6 million m3 of waste rock generated from the pit
operation between 1984  and 1991.  Decommissioning plans for the waste rock pile are
being developed based on the geochemical and hydrological conditions of the pile and the
surrounding environment. Contaminants of concern are As and Ni in addition to an uncertainty
about the long term acid generation potential of sections of the waste rock pile.  All issues are
addressed through technical/ scientific study of the waste rock  pile, leading to a definition of
the behaviour of the pile in the long term. The main objective of the studies is to assure that
decommissioning options are selected which protect  the receiving environments, namely
Collins Bay on the west side, and Ivison Bay on the east side of the Harrison Peninsula of
Wollaston Lake.
The investigations started in 1988, summarizing case studies on decommissioning
approaches and conducting  the first leach tests on waste rock.  In l990, conceptual plans
were proposed, outlining a series of investigative studies necessary to develop the plan. The
waste rock pile composition, the stratigraphy as well as the hydrological settings were
defined.  The ecosystem in the immediate vicinity of the pile was also studied.  A summary
report was issued in 1993 presenting a hydrological model for the area. Mitigative measures
for decommissioning were proposed.
The current  1996 report utilizes the previous work and new data generated during the last
three years. The expected contaminant load leaving the waste rock pile in the long term is
projected.  Leach  test results on waste rock and in situ measurements from seepages are
compared, thereby increasing the reliability of the projections.  By all accounts, the waste rock
pile met its prime operating criterion of containing less than 300 mg.kg-1 U.  The  As and Ni
concentrations are relatively low being in the range of 60 to 90 mg.kg-1.  The total contaminant
mass which is likely to be mobilized from the waste rock pile is estimated between 240 t and
403 t for As, and 357 t and 447 t for Ni. The annual release rate is estimated for As at 1.7 t.y-1
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and for Ni, 4.9 t.y-1.  These estimates define a relatively short- term concern for environmental
degradation, requiring a decommissioning plan which can address a time span of 100 to 240
years.  This assumes that current leach rates continue as observed after the first decade of
exposure.  In the long term, the annual loading will decrease and therefore the time frame will
increase.
The waste rock pile behaviour is projected without any changes to its present conditions.
Retardation/reduction in the release rates of contaminants could be achieved applying
mitigative measures to existing conditions.  Several options have arisen out of the
investigation.  A  cover would insulate the pile, reducing the weathering and thereby the rate
of contaminant release.  The pile is more reactive on the southern exposure.  Here the climate
promotes localized oxidation channels.  Twenty-seven temporal toe seepages have been
monitored for five years, and only one seep exists from an acid generating channel, with a pH
of 2.0.  As the seepage emerges, sludge accumulates which contains up to as much as 24
% As, indicating the presence of chemical reactions leading to precipitate formation.
The remainder of the seeps are low in acidity and range in pH values from 3.0 to 6.3.  The
seepages located on the Northwest side of the pile are distinctly lower in iron and aluminium
when compared to the Southeast seepages and have generally higher pH values.  This
suggest further that contaminant release rates will not be the same for the entire pile.  Large-
scale acid generation cannot be expected in the long term.  The spatial distribution of the toe
seepages on the pile, along with the observed precipitation processes, support the integration
of mitigative measures limiting contaminant mobility. This can be considered for in the pile
itself,  in toe seep areas, as well as to the north and south of the waste rock pile in the
surrounding wetlands.  Such measures should form an integral part of decommissioning plans.
The pile is surrounded by a perched water table which supports open pools and  muskeg/
wetland vegetation. The hydrological investigations confirm that very limited to no
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contamination is reaching the ground water below the waste rock pile. The wetlands on the
perched water table have been studied for their ability to retain As and Ni in the sediments
over the past five years.  Field experiments, complemented by laboratory studies, have proven
a  contaminant removal capacity of these wetlands.  It can be expected that, for Ni, between
0.07 g.m-2.d-1 and 0.1 g.m-2.d-1 and for As, between 0.08 g.m-2.d-1 and 0.1 g.m-2.d-1  can be
removed.  The area of the wetlands available to mediate the annual contaminant load is 18
ha but, at maximum, 16 ha are required during the ice free season to accommodate the
seepage accumulation from spring run-off and the flow generated during the summer.  The
treatment capacities of the sediment have been considered both with and  without organic
matter additions to support the microbial activity. Microbial activities are the main factors
facilitating ongoing  contaminant removal from the seepage water.  The seepage contains
significant quantities of nutrients (N and P) which can support growth to drive the biological
process.
The geochemical and hydrological conditions of the B-Zone Waste Rock Pile and its proximity
to the surrounding wetlands lend themselves to implement a self-sustainable
decommissioning approach. This is especially the case, given the limited time for which
elevated contaminant loads, similar to those currently occurring, are projected to emerge from
the pile. Presently these are collected and chemically treated.
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1.0 INTRODUCTION
In 1993 Cameco submitted the first phase of work carried out on the B-Zone Waste Rock Pile
(WRP). The first report summarized the monitoring data for surface and ground water, along
with the results from modelling the aquifer surrounding the waste rock pile, to assist in setting
target levels for contaminants for the decommissioning. The report outlined possible mitigative
measures for the pile decommissioning. A significant data set on the characterisation of the
waste rock material along with pore water in the pile was reported. Investigative studies on
the use of sediments as contaminant removal mechanisms had been initiated and preliminary
reports were submitted. The data compilation contained in the first phase, titled: "Collins Bay
B-Zone Decommissioning, Year 1", covered all available monitoring data starting with a
summary of all reports submitted on  this area since 1988. 
Decommissioning plans for the B-Zone Waste Rock Pile (WRP)  continued to be developed
since submission of the first report. This report forms the second phase in development of
decommissioning plans finalizing environmentally sustainable options. The synthesis uses
ongoing field monitoring data,  results generated out of laboratory and field tests programs,
and a comprehensive analysis of the B-Zone waste rock weatherability, based on additional
waste rock drill samples, further hydrogeological modelling and toe seepage characteristics.
Dissolved arsenic and nickel are the primary contaminants of concern in developing B-Zone
Waste Rock Pile decommissioning plans.  At present, WRP seepages containing elevated
arsenic and nickel concentrations are collected in a ditch system and are pumped to the mill
water treatment plant.  Contouring and installation of a vegetation cover on the waste rock pile
are options under consideration.  It is expected that these measures would reduce the
seepage volume which presently requires treatment.  A  decommissioning plan should ideally
not  require collection, pumping and treatment of the seepages, but has to consider the
elimination of the seepage collection ditch, a structure which would require maintenance in
addition to the treatment. 
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Boojum Research has been contracted since 1992 to evaluate the potential of using passive
polishing approaches to augment  the overall decommissioning plan.  The company
specialises in optimizing natural biological decontamination processes, facilitating
containment of contaminants within the mine waste management area.  These processes take
place in wetland sediments. The waste rock pile is surrounded by a raised water table
supporting a muskeg/wetland ecosystem interspersed with shallow open water ponds.
Containment of contaminants in these wetlands would protect both the B-Zone pit from
contaminant loading  on the west side and to Ivison Bay on the east side. 
The objective of the work presented in this report is to evaluate the contaminant loading
expected from the waste rock pile, based on the summary of all studies carried out by various
consultants.  For an environmentally sound decommissioning plan, many questions have to
be answered prior to implementation.  Although many questions cannot be answered in
absolute terms, reliable estimates can be derived when the data are interpreted from the
following perspectives:
 
- What do the waste rock characteristics indicate about weatherability of the rock  after
being exposed to the site-specific climate for close to a decade?
- Which elements move from the waste rock through the pile and leave in the seepage?
- At which rate does this movement take place?
- Where are the contaminants leaving the waste rock pile?
- What are the loadings of elements and contaminants to the receiving environment?
- In which directions are the loadings moving?
These key questions can be answered with a reasonable degree of certainty using all the data
assembled over the years.  With these answers it is then possible the evaluate the use of the
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wetland areas as a contaminant retention system. This is expected to be achieved through
promoting the natural decontamination processes which take place in sediments. With the
capacity of such a system defined in removal rates of contaminants, it is then feasible to
combine the pile behaviour in a final assessment, comparing the contaminant loads released
from the waste rock pile with the  natural  removal capacity, and one which could be promoted
when the system is used optimally.  This information will facilitate the selection of
decommissioning options which can be based on sound technical evaluations of the
conditions in the long term. 
1.1 Tasks
In order to address the overall objective stated above, the following tasks were defined:
1. Characterize the source, chemistry and annual volumes of contaminated seepage
water.  Relate the whole rock elemental composition to characteristics of seepage
water presently being pumped to a treatment facility.  Evaluate the general surface
hydrological conditions of the muskeg area, based on shallow piezometer monitoring
data.
2. Test and evaluate the decontamination processes applicable to B-Zone Waste Rock
Pile seepages in muskeg sediment surrounding the waste rock pile. Identify the major
microbiological activities which govern the biogeochemistry at the sediment-water
interface within the peripheral wetlands.
3. Define the design parameters for biological treatment scale-up and operation,
including the identification of the major factors which will determine the sustainability
of the process following decommissioning.
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This report summarises all of the laboratory and field work conducted in 1992 through 1996,
and represents the first compilation of Boojum Research work relating to the B-Zone Waste
Rock Pile since the 1992 Final Report.  In Section 2, the first task is addressed; the definition
of the contaminant sources which arise from the waste rock pile.  Seepage water monitoring
data, along with pump rate data, facilitated estimates of annual contaminant loads which
would have to be decontaminated in the muskeg areas.  Analyses of whole rock composition
was related to the seepage characteristics to define the long term processes leading to
contaminant release.  The surface hydrological conditions of the muskeg were described to
determine the suitability of these areas for natural decontamination processes.
Stimulation of sediment microbiology has been proven to remove metals and improve
seepage characteristics (Kalin, 1993) in work conducted under the MEND program.
Microbial activity is augmented in sediments through the additions of readily degradable
organic matter such as potato waste or alfalfa pellets.  Such additions were tested for the B-
Zone muskeg sediments, both in the laboratory with reactors, and in the field in enclosed
sections of sediment.  The forms of contaminants which have accumulated in the enclosures
and in the laboratory reactors where identified through a joint study by Cameco and CANMET
Biotechnology (Appendix E-1).  In Section 3, contaminant removal by the sediments in the
experimental conditions is summarized.
Section 4 brings together the parameters quantified in Task 1 and Task 2 to derive design
criteria for the use of the muskegs as biological polishing areas for seepages from the B-Zone
Waste Rock Pile.
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2.0 CHARACTERIZATION OF THE B-ZONE WASTE ROCK PILE
A total of about 5.6 million m3 of waste rock was deposited at B-Zone within eight years,
equivalent to 9.1 million tonnes of material placed within a 26.2 ha area, including the
peripheral ditch system (Map 1).  Waste rock was end-dumped and compacted by bulldozer
during the mining operation.  Since completion of the operation of the pile in 1991, no
contouring, capping or revegetating has taken place.  The waste rock included overburden,
sandstone and basement rock excavated from the B-Zone open pit (Plate 1).  
Plate 1: B-Zone Waste Rock Pile embankment,  June, 1994.
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To arrive at approaches to decommissioning the waste rock pile, the behaviour of the pile with
respect to weathering processes which  lead  to the chemical characteristics  of the seepages
have to be understood.  A cover material placed  over the pile will reduce the volume of
seepage produced, but the characteristics of the seepage, i.e. high or low elemental
concentrations, will depend on the stability or weatherability of the rock underneath the cover.
The ability to control the environmental impact, or the loadings of elements leaving the pile in
seepage, is dependant on an understanding of the reactivity of the waste rock.  To address
these weathering reactions, the waste rock pile has been studied in three major campaigns.
The first was undertaken in 1988 (reported in Cameco, 1989).  The second study took place
in 1992 and 1993, and involved more extensive sampling, geological characterization of the
pile, static and kinetic tests of various types of material in the pile, acid-base accounting and
predictive long term modelling.  These data from the second study have been presented in the
"Collins Bay B-Zone Decommissioning, Year 1", July 1993 report.  The conclusions drawn
from these tests (Section 3, page 15) were the following:
C there may be sufficient neutralizing minerals present in the waste pile to buffer
drainage between slightly acidic and neutral pH values.
 C the graphitic gneiss material, although present in relatively limited quantities,  indicates
a potential for acid generation. It is expected that drainage from this material will
influence the overall average drainage water quality; and
 C bleached limonitic sandstone, which represents the largest portion of the rock pile,
released stored oxidations products during the initial flushing stages, indicating that
potential exists for the short-term release of metals.
For the third study, a series of addition tests were carried out on samples collected from new
locations in late 1993 to provide a more complete coverage of sampling locations.  Acid-base
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accounting tests were carried out on the new samples, along with chemical analysis of the
whole rocks and their leachates produced in 24 hour tests.  These data are presented in the
current report and discussed in light of the conclusions reached in the previous Cameco "Year
1" 1993 report.
The importance of the weathering processes to decommissioning, such as the release of
stored oxidation products and the associated short-term release of metals, is evident.  If the
weathering process which releases contaminants to the seepage is understood, then
predictions can be made and options such as a enhancement of a natural treatment option
in the adjacent wetlands can be evaluated. The selection of a cover which would mediate the
gradually lessening impact of the pile on the local receiving environment can be made with a
detailed knowledge of the pile behaviour.
To understand the pile’s behaviour, all data on whole rock analysis, acid-base accounting
assessments, and static and kinetic leach tests results are used to determine their
relationship to the actual seepages emerging from the waste rock pile. Monitoring of water
quality was initiated in 1992. The surface water quality in the wetlands surrounding the waste
rock pile was periodically determined.  Shallow piezometers in the vicinity of the WRP have
been monitored, and the results are summarized  to establish background values in the
perched water table which support the wetlands. Monitoring of the toe seepages emerging
directly at the foot of the pile, prior to collecting in the seepage ditches, was initiated, as the
modelling results presented in the "Year 1" 1993 report by Cameco suggested that a
decrease in Ni and As concentrations would be expected by the year 1994.  With these
monitoring results, it would be possible to relate the predictions from the model to actual
results obtained from the pile seepage. Such a comparison will increase the certainty in the
options selected for decommissioning. A reasonable understanding of the processes
governing the behaviour of the rock pile can then be demonstrated.
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2.1 Whole Rock Analyses 
In April, 1992, samples were collected during drilling of 5 holes (BWR1 - 5) for acid-base
accounting and rock characterisations by SRK.  The results were presented in Cameco's July
1993 report, "Year 1: B-Zone Decommissioning".  The heterogeneity of samples from these
first 5 drill holes indicated that further holes were required, along with the installation of
piezometers in the base of the waste rock pile.  Between October 18 and November 23,
1993, nine additional holes were drilled in the B-Zone waste rock pile, referred to as BWR6-
10, DH-6, DH-12, DH-13 and DH-14 (Map 1).  Five (BWR6-10) of nine holes drilled in the
waste rock pile were selected for further piezometer installation.  Therefore, in total, 14
characterization drill holes have been put through the waste rock pile.  To supplement the
program, nine (9) regional piezometer clusters (A, overburden; B, overburden-bedrock
interface; C, bedrock) were installed in 1991 in the B-Zone Area, referred to as RP19 through
RP33 (not all numbered piezometers are shown on Map 1 since they were not located near
the B-Zone development).  
From the 9 waste rock pile holes drilled in 1993, a total of 201 composite core specimens
were collected by sampling from each metre drilled.  The collected drill cuttings from the one
metre sampling intervals were accumulated and visually characterized by a geologist.  A
representative sample was collected from the 1 metre collection, and paste pH and electrical
conductivity were measured. Selected samples of waste rock were analyzed for acid-base
accounting, metals and radionuclide content and subjected to 24 hour leach tests. All new data
relating to waste rock samples, not previously reported in the Cameco "Year 1" 1993 Report,
are presented in Appendices A-1 to A-8. 
As noted above, 201 core samples were used in this report to identify the rock types and
derive an percent estimate of the rock types comprising the pile . Elemental compositions of
97 rock samples were determined.  These samples reflected the overall distribution of rock
types in the pile. Sandstone (bleached, hematized, limonized) was the primary constituent of
the pile, thus 57 of these samples were analyzed, while 28 samples of till and 9 samples of
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overburden sand were analyzed,  and the remaining 3 samples contained largely quartz biotite
gneiss (Appendix A-1).
Overall sampling results for the major contaminants of interest can be compared with the
results of the 1992 study reported in the July 1993, "Collins Bay B-Zone Decommissioning,
Year 1" Report (Table 1).
Table 1:  Comparison of As, Ni and U Concentrations in Current Study with Results Presented in
Cameco “Year 1" 1993 Report.
Current Study SRK Reports (in Cameco, 1993)
Constituent  (all sample Bulk Drill Cutting Overall Best





As 69 11 91 13 58
Ni 90 18 106 10 60
U 69 23 204 22 52
The most recently collected samples, based on average concentrations, are representative
of the best estimates which were derived from previous results.  However, when comparing
drill cutting to drill cutting results, the current study generated lower results for uranium values,
but similar arsenic and nickel values.  All average results for uranium are below the waste-rock
cut-off criterion of 300 mg@kg-1, indicating excellent control of waste disposal and its
segregation.  
Elemental Distribution According to Rock Classification
The contaminants of concern in the long term are arsenic and nickel.  If the rock type(s) with
which they are associated in the pile can be identified, along with the distribution of
contaminant-bearing rocks in the pile, decommissioning options can be selected which 
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in the remainder of overburden sand samples was 23 :g@g-1, similar the other rock types'
averages.  The Hole 6 sample, collected from a 17 m depth, also contained Ni at a
concentration an order of magnitude greater than any other sample (1,844 :g@g-1), which also
biased upwards this rock class's average Ni content (average Ni concentration without Hole
6, 17 m sample, 29 :g@g-1). Without considering the single extremely high sample, the
average Ni concentrations in the four rock classes are the same (Appendix A-1). 
Samples with As concentrations less than 10 :g@g-1 were present in all four rock classes.
According to the rock classification, no major differences in S, P, Al, Ba, Fe, K, Cd or Cu were
detected among the rock types. The results of the elemental analyses of additional samples
have not changed conclusions drawn in previous studied (SRK, in Cameco "Year 1" 1993
Report), and it appears that the As and Ni distributions  are not related to a specific rock type
in the waste rock pile; they are distributed through the entire pile.  Whether the  high Ni and As
concentrations in the abnormal sample are due to the rock's original mineralogy, or are the
product of accumulation in specific locations in the pile, will be discussed in detail below,
together with the examination of the  seepage characteristics.
 Distribution of Elements in Relation to Depth
The rock samples with exceptionally high As and Ni concentrations may have been collected
from zones within the waste rock pile where chemical precipitation processes take place as
the waste rock pore water becomes saturated with compounds as it  reaches the bottom of
the waste rock pile.   As the water moves through the pile, it collects soluble contaminants and
upon contact with, for example, reactive rock types, could form precipitates which would
accumulate in the deeper portion of the pile.  Such an accumulation is suggested by the
samples from Hole 6 collected at a 17 m depth (overburden sand: 2,760 :g@g-1 As, 1,844
:g@g-1 Ni) and from Hole 13 at a 10 m  depth (wet till: 347 :g@g-1 As, 502 :g@g-1 Ni).  The
general concept of precipitation is supported by the fact that sludge-like precipitates
accumulate in toe seepages when they pool, suggesting that a supersaturated seepage is
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emerging and, due to oxidation, precipitation results is sludge  accumulation.  Sludge
collected and analysed from such a pool contained  24% (dry weight) As and 0.05% Ni
(Cameco "Year 1" 1993 Report,  Appendix 4A,  page 87, WRP-P). 
On the assumption that accumulation of precipitates could take place in the bottom of the pile,
the elemental concentrations in all rock samples were examined with respect to their
distribution with depth in the waste rock pile.  Such an analysis will indicate which elements
are leached or mobilized by water in the upper strata and accumulate/precipitate in zones
located within the lower portion of the pile.
Essentially, if the elements weather from the top portion of the pile and accumulate at the
bottom, they might remain in the pile and not emerge as part of the seepage.  If such
accumulation processes take place, it may be possible to promote this process which would
result in containing a fraction of the elements in the pile.
In Figure 2a, the distribution of elements with depth of sampling (0 to 5 m; 6 to 10 m; 11 to 15
m; 16 to 22 m), regardless of rock type, is presented for those elements which show
essentially the same concentrations throughout the pile.  The overburden sand sample from
DH6-17 m and the till sample from DH13-10 m, both containing high As and Ni
concentrations, are presented in the figure separately.  Arsenic and Ni concentrations do not
appear to increase with depth of sampling.  This is also the case for the elements S, P, Fe,
Al, Fe, K, Cd, Co, Cr, Zn, 226Ra and U. These elements which show no tendency to
accumulate at depth are either reprecipitating very fast or move from the pile forming
constituents of the pore water and then leaving in the seepage.
Increases in concentrations with depth are evident for the elements Ba, Ca, Mg, Mn, Na, Cu
and Pb (Figure 2b). Please note the log scale which makes the differences with depth
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to appear smaller than they are.  These elements are mainly Group 1a and 2a elements, which
form major components of secondary precipitates, with the exception of Cu and Pb. These
accumulations suggest that the pore water in the lower portion of the pile is saturated leading
to precipitation encrustments on the rocks. 
Since the results suggest that accumulation of specific elements can take place in the pile,
when discussing the weathering process, only the behaviour of those elements whose
concentrations do not increase with depth (Figure 2a) is of interest, since these elements
leave the pile and emerge in seepage, including  the contaminants of concern, As and Ni.
Rocks contain minerals with elements of two geochemical behaviours.  One set of elements
would  weather easily but would also be very reactive and therefore form quickly as secondary
precipitates which remain distributed throughout the waste rock pile and do not move to depth.
This set includes phosphorus and iron which would precipitate readily as FePO4 and Fe(OH)3.
These secondary precipitates are relatively stable and remain on the rock as an encrustment.
This is exemplified by the wide range of iron concentrations in the rock samples through out
the pile, shown in Figure 2c.
A second set of elements which would not accumulate at the bottom of the pile includes those
elements which, when released through weathering, would not readily form secondary
precipitates.  The elements would be contained in minerals which are more crystalline in
structure. In Figure 2d, the association of potassium with aluminum is given as an example for
clay minerals, where a molar ratio of Al : K in the rock of 4:1 is quite consistent for all samples.
This would suggest  that when this rock type weathers, both Al and K will be mobilized. The
relationship of As with Ni concentrations contained  in the whole rock samples (Figure 2e)
suggests that these contaminants are present as the same mineral.  The ratio of these two
elements is also reasonably consistent for all rock samples (average As:Ni, 0.44:1).  The
mineral is likely predominantly in the form of nickel arsenide (Nickeline, NiAs; Gerdorffite,
NiAsS; Maucherite, Ni3As2 or Ni4As3).  Accumulation of these elements in the waste rock pile
through precipitation as a secondary mineral could likely
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only occur when pore water chemistry reaches supersaturated conditions. This is likely the
case at the toe seepage where sludge accumulates upon seepage emergence from the pile
(e.g., WRP-P).
 If these considerations of the weatherability of the waste rock are reflecting somewhat the pile
behaviour, the whole rock analysis would indicate that similar proportions of As and Ni could
be expected in the seepage in the absence of supersaturated pore water. Assuming that the
whole rock ratio indicates the association of these contaminants as nickel arsenides in the
rock, (Figure 2e), then As and Ni concentrations in the leachate from a 24 hour leach test,
which represents the release of oxidation products formed, should be proportional to the
concentrations of these elements in whole rocks. 
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 In Figures 3a (As) and 3b (Ni), the concentrations of As and Ni in whole rock samples are
compared to concentrations in leachates generated over 24 hours by the same rock samples
(details of leaching study provided in Section 2.5.2).  The apparent relationship between
whole rock As and Ni concentrations and the amount of As and Ni leached suggests that
these two elements behave similarly during  the weathering process.  These observations,
based on the whole rock analyses, indicate that As and Ni will likely weather together and will
not accumulate in the bottom of  the waste rock pile except when the pore water is saturated.
Given this behaviour of the contaminants in the waste rock pile, pyrite oxidation, the most
powerful weathering process resulting in acid generation, is very important  and is discussed
in detail in the next section.
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Table 2: B-Zone WRP: Summary of Acid Base Accounting.
Paste Total S NP AP NNP NP/AP
pH (%) g CaCO3/kg
 DH6 - DH14 *** Average 5.6 * 0.04 9.2 1.3 7.9 12
Collected October, 1993 Min 4.8 0.02 < 6.4 < 0.5 2.1 1.3
Max 7.4 0.22 14 6.6 13 23
N 12 12 12 12 12 12
 Bulk Samples: Average 7.2 0.02 1.5 0.6 0.88 6.5 **
 Open Pit (4), WRP (2) Min 6.9 0.01 0 0.16 -0.20 <1
Collected March, 1992 Max 7.7 0.10 5.2 2.8 5.1 34
N 6 6 6 6 6 6
 DH1-DH5 Drill Cuttings *** Average 7.1 0.03 1.4 0.80 0.56 2.4
Collected April, 1992 Min 5.1 0.01 0 0.25 -4.7 <1
Max 8.2 0.15 5.6 4.7 4.9 7.2
N 25 25 25 25 25 25
* [H+] concentrations averaged.
** 4 of 6 bulk samples' NP/AP < 1; one sample NP/AP = 1.3; one sample NP/AP = 33.5
*** Piezometers BWR 1 through 10 installed in DHs (drillholes) 1 through 11.
No piezometers installed in DH 6 and DH 12 through 14. 
2.2 Waste Rock Acid-Base Accounting
A total of twelve acid-base accounting tests were performed on a nine hole subset of rock
samples collected during the October to November, 1993 B-Zone WRP drilling program.  The
results of these tests (Table 2) can be compared to acid-base accounting tests performed in
1992 on B-Zone pit wall and waste rock pile bulk samples (6 bulk samples; March, 1992), as
well as on selected drill cuttings samples collected during the April, 1992 BWR1-5 drilling
campaign, reported previously in the July 1993, Collins Bay B-Zone Decommissioning Year
1 report.  In all, acid-base accounting estimates were carried out on three sets of samples
(Appendix A-6).   Averages for each set of tests are presented in Table 2, as different rock
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Paste pHs ranged from pH 4.8 to 8.2 among the three sets of samples (Table 2).  The Hole
6, 17 m sample paste pH was 6.3, in the middle of the range of all the other samples.  The
paste pH of the Hole 6, 5 m rock sample, collected from an overlying stratum, was 4.8, the
lowest pH measured in any of the tests.  Sulphur concentrations in all rocks tested to date
(1992 and 1993) were low (maximum 0.22 %), and acid production (AP, in g CaCO3@kg-1) due
to sulphide mineral oxidation, was low, as anticipated from the S concentrations, ranging from
< 0.5 to 6.6 g CaCO3@kg-1.  The neutralizing potential (NP) of these samples was also low, and
the Net Neutralizing Potential (NPP = NP - AP) is accordingly low or negative,  ranging from
-4.7  to  13 g CaCO3@kg-1.  The 1993 results are generally higher, mainly due to much higher
NP determinations rather than differences in AP determinations.
Rocks with NNPs between -20 and +20 g CaCO3@kg-1 (= kg CaCO3@t-1) are generally
considered in that class of rocks where prediction of their acid generating behaviour is
ambiguous, as they are neither clearly acid generating nor non-acid generating.  When this
arises, further testing is recommended, as in this case for the B-Zone Waste Rock Pile.  Most
samples collected in 1993 fall in this range; the average 1993 NNP was 7.9 g CaCO3@kg-1.
The average NPP for the 1992 bulk samples was 0.88 (n=6), while the drill cutting samples
(n=25) average NPP was 0.56 g CaCO3@kg-1.
 
The ratios of NP to AP of rocks for which the test results are uncertain lie between 1:1 and 3:1.
Rocks with a ratio greater than 3:1 can be classified as non-acid generating (Figure 4).  The
1992 drill cuttings data average NP/AP ratio was 2.4, while the 1992 bulk samples and the
1993 samples had average NP/AP ratios of 6.5 and 12, respectively.  Although the averages
for each testing series does not suggest a significant acid generation potential, the individual
results, plotted in Figure 4, suggest that samples from some locations are acid generating,
albeit usually less than 2 g CaCO3@kg-1 equivalent.   A single sample's NP/AP ratio falls below
the 1:3 NP:AP line, the same sample with a low paste pH (October 1993 DH6-5 m, hematized
s a n d s t o n e  w i t h  g n e i s s ) .  T h i s  d i s t r i b u t i o n  o f  t h e  a c i d - b a s e
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Fig. 4: B-Zone WRP
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accounting results lead  to the conclusion that some locations in the waste rock pile can be
expected to produce acid generating conditions.     
This may be the case leading to the high contaminant concentrations in DH6 at 17 m, as
previously indicated, likely representing very different conditions than in the zones within the
pile where the remainder of samples were taken.  Accumulation of elements as solid
precipitates only take place when the leachates originating from different seepage pathways
combine and/or contact specific substrate surfaces, forming pockets of precipitates within the
waste rock pile.  For instance, the overburden sand sample from Hole 6 (17 m) was located
at the bottom of the borehole immediately beneath the sandstone horizon.  The high As and
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Ni concentrations in this sand sample (2,760 :g@g-1 As; 1,844 :g@g-1 Ni) may have been due
to As and Ni precipitates trapped by the sand along a seepage path flowing beneath the
sandstone horizon.  The wet till sample collected from Hole 13 at 10 m (347 :g@g-1 As; 502
:g@g-1 Ni) may represent a similar scenario. These conjectures could be confirmed if material
from these drill holes could be examined in detail. With the information generated, it is evident
that no specific rock type can be consistently associated with acid generating potential or
neutralizing potential. However, past work showed that segregated graphitic gneiss samples
had net acid generating potentials.  Given that the waste rock pile is currently generating
acidic toes seepages, the acid-base accounting tests indicate that this process is likely
connected to specific locations within the pile where several conditions occur together: 
- higher concentrations of graphitic gneiss ( the only rock type resulting in the kinetic test
with positive acid generation potential);
- no or few rocks present with neutralizing potential leaching at the same rate;
- relatively high porosity of waste rock, hence high seepage flow with increased oxygen
availability.  
Long term predictions with respect to the contaminant generation from the waste rock pile are
important for the selection of the decommissioning options.  The possibility that only specific
locations will generate acidic toe seepages as opposed to the entire waste rock pile therefore
warrants further examination and will be discussed in detail during the review of the toe
seepage data (Section 2.5.4).
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2.3 Waste Rock Pile Hydrology 
The waste rock characteristics where discussed in the previous section. The process which
leads to the release of elements is driven by the hydrology of the waste rock pile. Therefore,
the hydrological conditions which prevail around the pile are those which determine the
amount of seepage produced.  A hydrological mass balance specific to the waste rock pile
was derived in 1993 using the HELP model.  On the basis of previously reported modelling
results (Cameco "Year 1" 1993 Report), it was estimated that about 25 to 40% of the total
annual precipitation infiltrates the pile, 60% evaporates and 0 to 15% reports as run-off.  This
translates into about 150-200 mm@yr-1 of water which is expected to fall onto the waste rock
pile, equivalent to a total volume of about 59,000 m3.  
Water which percolates through the waste rock pile can be expected to either continue its
percolation route into the ground water system beneath the pile or emerge as seepage from
the toes of the pile.  The balance between these vertical and horizontal seepage pathways is
governed by a number of factors, such as:
- permeabilities of underlying subsoils and muskeg sediments;
- permeability of pile base tills;
- waste rock permeabilities;
- presence or lack of relatively impermeable layers within the pile (such as ice lenses);
- relative horizontal and vertical permeabilities within various horizons;
- percolation rate-related dynamic responses.
In UTAP modelling conducted for the pile, it is assumed that 70% of the annual water budget
is lost directly to evapotranspiration and 30% enters the ground water regime (split 50% /50%)
between the Collins Bay and Ivison Bay ground water sheds.  This simplifying assumption
generates reasonable estimates of overall flows relevant to calculating contaminant loadings,
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but clearly underestimates the loadings to surface water in the direct vicinity of the waste rock
pile, as it would account for all the water falling onto the pile. 
Since 1992, Cameco has been collecting hydrological data in the B-Zone Waste Rock Pile
area.  The precipitation estimates were supplemented by  spring/summer/fall precipitation
records from a weather  station  installed  directly on the waste rock pile.  Seepage volumes
can be estimated from the pumping records of Stn 6.11 assuming  that all the water reports
to this collection point.  These data have been summarized in Tables 3 and 4  covering the
entire monitoring season between snow melt and freeze-up (Table 3) and for a subset of
summer months (June to August to avoid snow melt/freeze-up effects).  These are the periods
for which pumping records are available. During the winter months it is expected that the
seepages would essentially cease flowing.  
The data  of the precipitation records lead to some interesting conclusions:
I) There is a persistent low bias in precipitation records for the waste rock pile weather
station, relative to the main Collins Bay meteorological station (columns C versus D).
ii) Seven  to 27 % of total ice-free season precipitation is collected and pumped from the
collection system (column L). 
iii) Pumping records provided estimates of seepage volume which were similar to the
seepage volume calculated based on toe seepage measurement flows. 
Some caution should be taken in comparing the pump rate based on volume estimates from
6.11 and 6.11SW to those generated from mid-summer toe seepage inventories, discussed
in Section 2.5.4.  Toe seepage rates are likely influenced by season, and the quoted pump
records are generally restricted to the period of time in which precipitation
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records are collected on the WRP.  For example, in 1994, pump records were collected from
April 22 until May 18 when the precipitation recorder was installed, accumulating a discharge
of 10,587 m3 in addition to the reported 8,127 m3 pumped between May 18 and October 31.
Direct infiltration to ground water through the base of the pile may be minimal, based on
ground water piezometer data discussed in Section 2.4.
Evaporation is likely one of the major sources of reduced volumes reporting to the ditch.  A
second factor is the temperature of the pile, which is at or below zero C throughout the year
in the deeper portions of the pile, based on thermocouple readings taken at borehole BWR-5.
These low temperatures, as well as the reported ice lenses in the pile, suggest that a
significant fraction of the water in freezing in the pile, further reducing the volume of water
passing through the pile during the ice free season and reporting as seepage.  If this is indeed
the case, then promoting an insulating layer of vegetation, such as one a terrestrial moss
might provide, would increase evaporation, decrease infiltration and insulate the pile from heat
loss, thereby regulating the rate of seepage from ice thaw.  
In the 1993 HELP  modelling and water balance estimation conducted by Cameco, it was
estimated that 0 to 3% of the ice-free season precipitation was actual collected waste rock
seepage, based on a set of assumptions regarding precipitation which falls directly on the
ditch system, avoiding the waste rock pile entirely (58% evaporation, 14% exfiltration and 28%
pumped from Stn 6.11).  The precipitation data presented in Tables 3 and 4 are evaluated for
seepage volume, taking precipitation directly falling into the ditch into account.  The estimates
do suggest that the previous 0 - 3% estimate used in the HELP model were too low.
A value of 10 % of total annual precipitation falling on the waste rock pile based on these
considerations is selected as a reasonable estimate of the volume of waste rock pile
seepage which has to be addressed in a decommissioning scenario.  In summary, a
schematic water budget based on this estimate is shown in Schematic 1.  This water

Boojum Research Limited B-Zone Waste Rock Pile
March 1997 1996 Final Report29
budget assumes some direct run-off (primarily snow melt) and uses the same partition
estimates for the ditch system used in the 1993 work.  The budget estimates that, on an
annual basis, collected water is about 40% toe seepage, climbing to 70% in ice-free months.
The estimates for the loss of seepage to ground water may actually be smaller than assumed
in the water balance, when the peripheral piezometer data are taken into consideration. As
the seepage collection ditches are not lined the pumping records may underestimate the
water running off the pile. 
2.4 Peripheral Wetland Hydrology and Water Quality
The current seepage volume has been defined to the extent possible in the previous section.
The next stage of the evaluation requires an assessment of the areas into which the seepage
could be directed. The B-Zone Waste Rock Pile is surrounded by a series of wetlands
extending to the shores of Wollaston Lake.  In Plate 2, the area between the waste rock pile
and Ivison Bay is depicted, displaying a vegetation pattern which indicates a small stream
bed.   This area is referred to as the BT-3 wetland. 
Between May, 1991 and August, 1996, surface water samples have been periodically
sampled from the BT-3 wetland, located to the southeast between the waste rock pile and
Ivison Bay, at Stn BT-3 50, 100 and 125 (stations numbers represent approximate  distances
in m from the WRP southeast embankment perimeter starting below WRP-S; see Map 1).
Water has been collected from Stream 1 at Stns 6.9.44, 6.9.4, Stream 2 at Stn 6.9.3, and from
the combined stream flow to the Ivison Bay floating shore wetland area.  Two samples were
collected from pools within the Ivison Bay semi-terrestrial wetland.
In Figure 5a dissolved arsenic concentrations at these stations are plotted (All data presented
in Appendix B-1).  At stations within the BT-3 wetland, As concentrations have been elevated
and above background to 1 mg@L-1.  Arsenic concentrations were increasing
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Plate 2: BT-3 wetland in foreground, viewed from top of waste rock pile.
Ivison Bay in background, September, 1994.
somewhat in the immediate vicinity to the ditch in the BT-3 wetland, due to infiltration losses
from the unlined southeast WRP perimeter ditch. The area  close to the waste rock pile in BT-
3 is peat and no sediment is present which has accumulated significant polishing capacity for
both As and Ni in this area. The increased loss in the collection ditch was remediated in 1995,
through excavation of the perimeter ditch to ensure that water reported to Stn 6.11 SW rather
than being stored in the ditch.
At Stn 6.9.44, the point where a surface stream (Stream 1) begins, As concentrations have
remained below 0.09 mg@L-1 .  Downstream, at Stn 6.9.4, As concentrations had remained
below 0.04 mg@L-1 until the 1996 sampling season, when As concentrations reached 0.06 and
0.15 mg@L-1 in July and September, 1996, respectively. Very few sampling dates are available
for this wetland area since the recovery of the ground water once B-Zone mining
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 was completed and thus the increases of As in the upper portions of the BT-3 cannot be
considered representative of long term conditions.  At Stn 6.9.3, a sampling location on a
second stream (Stream 2) to the west of Stn 6.9.4, As concentrations have remained less than
0.09 mg@L-1.  At both the combined stream flow location near the Ivison wetland, and in the
Ivison wetland, As concentrations have been less than 0.09 mg@L-1.
  
In Figure 5b, dissolved nickel concentrations are presented for surface waters between the
WRP and the Ivison wetland as described above.  The same pattern is observed as for As in
the BT-3 area in 1994 and 1995, indicated by increases in Ni concentration in close vicinity
to the unlined collection ditch. Downstream at Stn 6.9.44, the concentrations of Ni  increased
to  0.33 mg@L-1 in 1994. This represents somewhat of an  increase  from  the  previous
sampling carried out  in 1991 when Ni was at the detection limit of 0.001 mg@L-1. There is a
gradual long term increase in nickel concentrations at Stn 6.9.4, with the highest Ni
concentration reported for the last sample date, September, 1996 (0.065 mg@L-1).   If this low-
level increase is indeed due to collection ditch seepage water or ground water, these
increases indicate the importance of wetland sediments in the As/Ni removal mechanism
tested in the BT-2 wetland on the north side of the waste rock pile. Sediments are not present
in the old stream beds downstream of this wetland. 
Stream 1 and Stream 2 emerge as natural seepages downstream of the BT-3 wetland, and
drain to Ivison Bay.  Since transport of contaminants, borne in waste rock pile run-off, could
occur within perched water tables or shallow ground water pathways between the WRP and
Wollaston Lake, shallow piezometers were installed in 1993 in the vicinity of the WRP at nine
locations as shown in Map 1 (SP Series).   
Installation records are provided in Appendix B-5, and all water level and water quality data
are presented in Appendices B-3 and B-4, respectively.  The overall ground elevation in the
BT-3 wetland-Ivison Bay area (shallow piezometers SP-1 to SP-4) is approximately 3 m lower
than the BT-1 and BT-2 wetland areas (SP-5 to SP-8).  
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Two stratigraphic cross sections are constructed to describe the hydrological conditions
surrounding the waste rock pile.  The locations of the cross sections are indicated on Map 1.
Both shallow and regional piezometers are integrated into the cross-sections, along with their
stratigraphy.  In cross section A-A' (Figure 6a), the water level of the flooded pit is the starting
point with a pit water level reported for 1995.  The figure also shows the corresponding lake
water levels obtained in the same year.  It is immediately evident, when comparing the water
levels in the regional piezometers to those in the wetlands, that perched water tables can exist,
although in the BT-3 area the ground water is relatively close to the surface, as further
evidenced by stream formation in this area.  Cross section  B-B' (Figure 6b)  is depicting the
northern side of the waste rock pile starting from the pit going across BT-1 wetland and
through the waste  rock  pile  to Ivison  Bay.  In  the  BT-1  wetland, the water table appears to
merge into the mount of the waste rock pile in close vicinity to the pile.  Within the pile, ice
lenses or other drainage restrictions lead to some likely localized water perching, as indicated
by piezometer BWR-3 data. Seepages I and J  at the north east corner of the waste rock pile
(Map 1) were reported to emerge about 3 m above the seepage collection ditch.  The
presence of till in the lower part of the waste rock pile probably also facilitates accumulations
of water, hence the possibility of perched water in the waste rock pile. The stratigraphic
information summarized in these cross sections suggests that, in addition to some shallow
perched water tables present in the wetland, the waste rock pile possibly has been isolated
quite well from the ground water, since a layer of till is indicated in the lower portions of the pile
and in original ground below the pile.  
 
Water samples were collected from the shallow piezometers in June 1993, June 1994,
September 1994 and June 1995. The concentrations of dissolved As and Ni  are plotted in
Figure 7a and 7b corresponding to the cross-section A- A'  and B-B'.  The water quality in the
shallow piezometers at the north side of the waste rock pile display As and Ni concentrations
which reflect background concentrations in the area (Figure 7a).  In Figure 7b  the shallow
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B-Zone Waste Rock Pile. The concentrations reflect somewhat the surface water, in that it
appears that in 1995 a slight increase in both Ni and As concentrations was present, due to
the leak in the seepage collection ditch.  In Figure 7c  two shallow piezometers not located on
the cross-sections are shown; SP-9, located behind the ore stockpile and SP-2 located in the
BT-3 wetland close to the collection ditch. Both are slightly elevated in comparison to the
background concentration of As and Ni.
    
The data set is not particularly large for the shallow piezometers.  Nevertheless, long term
trend and background concentrations can be established based on the regional piezometers.
In Figure 8 the frequency distribution of the As and Ni concentrations indicates that, based on
192 samples, the background concentrations are less than 0.005 mg@L-1 for both
contaminants. The regional piezometer which reports concentrations above background is
piezometer RP-23A,  located beside the ore stockpile.  The detailed data are given in
Appendix C-1. Concentrations in RP-23A are similar to the shallow piezometer  SP-9 and the
wetlands.  The fact that RP-23A has above background levels of some contaminants may be
related to its location, or may relate to localized anomalies in overburden mineralization.  In
general, both shallow and deep ground water do not show signs of deterioration.  In fact, given
the long time frame of the activities in the B-Zone area, the differences in water quality suggest
that ground and surface water regimes are not closely related.  With respect to
decommissioning, this separation is of importance. Surface waters can be expected to have
received some toe seepage as the seepage collection ditch (unconsolidated material) is not
lined. If a treatment or polishing system for As and Ni is to be utilized for the toe seepages as
part of the decommissioning plans, this clear separation of surface and ground water in the
BT-1 and BT-2 wetlands is a very important factor, and makes the utilisation of the wetlands
very attractive. 
The ground water data and the stratigraphic information suggest that, generally, muskeg
underlain by peat forms a more or less impermeable boundary between surface and ground
water.  The surface water will move along the topographic contours, which have
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essentially remained unchanged except for beneath the pile itself.  In  Plate 3, the original
(1957) vegetation and water distribution patterns for BT-1 and BT-2 to the north of the waste
rock pile, and BT-3 to the south of the pile are shown.  The overlay shows the current locations
of the B-Zone Waste Rock Pile and the pit.
The original topography prior to placement of the waste rock pile can be used to assess the
conclusions drawn from the piezometer and stratigraphic information.  This area was
comprised of muskeg surrounding two small ponds to the north.  To the south, muskeg was
drained by small streams reporting to Ivison Bay.  Close examination of the topography
suggests that a better location for the waste rock pile could have been chosen if the drainage
of the muskeg had been considered.  The plate-overlay indicates that the ground water divide
(if directly correlated with the surface water divide) is not located along the east-west
centreline of the waste rock pile, but rather, appears to have been originally located along the
northwest edge of  the pile. The area to the north of the pile is confined by the waste rock pile
and roads, and is perched relative to the area to the south, which is drained by streams
reporting to Ivison Bay.  The higher seepage flows measured in the southeast toe seepages
are generated from an area now beneath the waste rock pile  which was the original
headwater area of the Ivison streams.  The original surface water drainage patterns should
be taken into account when selecting the final contouring of the waste rock pile during
decommissioning planning.
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2.5 Weatherability of Rocks
The importance of weatherability of an element from rock and its behaviour inside the waste
rock pile in relation to decommissioning is evident since the load of a contaminant leaving the
pile is a key factor in selection of decommissioning options.  What is the mass of an element
in the waste rock pile which can leach?  What is the fraction of the elements contained in the
rock which are going to be mobilized and which fraction will reprecipitate in the pile?  If these
quantities can be estimated, then the mass of the elements which  will emerge in seepages
can be estimated.  With the annual seepage flow volume,  the loading to the receiving
environment can be estimated. These parameters will determine the period of time required
for treatment until the source of the contaminant load leaving the pile will be exhausted.
Weatherability of minerals in waste rock piles has been addressed in detail by Kwong (1993).
He quotes Sverdrup (1990) who classified common soil minerals according to their
dissolution in relation to pH into 6 groups, ranking them from a value of 1 representing easily
dissolving minerals to a value of 0.004 as relatively inert minerals.  In the dissolving category
and the fast weathering category, Sverdrup lists calcite, aragonite, dolomite, magnesite and
brucite, and for the fast weathering category, anorthite, nepheline, olivine, garnet, jadeite,
leucite, spodumene, diopside and wollastonite.
In Table 5, those rocks and minerals are summarized which are reported for B-Zone waste
rock and other geological descriptions found in the Cameco records. The minerals which
occur in the rocks are listed along with a description of what elements they are likely to
contain.  Numerous references were used to compile the table.
Some minerals have been reported in thin sections of B-Zone rock provided by Cameco
(Appendix A-7) and others are reported by Percival (1991, 1992; Appendix A-8).  The listing
represent the best available information, but cannot be considered as completely
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accounting for all minerals in the B-Zone Waste Rock Pile.  Kwong (1993) suggests that for
acid-base accounting evaluations, the participation of minerals in the neutralization process
are only those which belong to the dissolving and the fast weathering group, while all others
minerals  can be ignored. From those minerals reported in B-Zone waste rock, with the
exception of calcite, none belong to the dissolving or fast weathering rock/mineral group. 
Regarding the weatherability of sulphide minerals, he further states that there is no relationship
between the amount of sulphate released in weathering experiments and the composition of
sulphide minerals. 
This observation  corroborates the very high % of sulphur leached in the 24 h leach tests of B-
Zone Waste Rock Pile samples, discussed later in Section 2.5.2.  In the case of the B-Zone
waste rock, the minerals which are associated with sulphides are predominantly  nickel and
arsenic.  These minerals, unfortunately, have a lower resistance to weathering and are listed
as Nickeline (nickel arsenide), Bravoite (nickel iron sulphide), and Gersdorffite (nickel arsenic
sulphide).  Nickel, according to Forstner (1984),  will "pass from a moderate migrational
intensity in an oxidizing milieu to near immobility in strongly reducing environments".  Thus, if
reducing environments are found in the lower portions of the waste rock pile where muskeg
could be encountered, it would be reasonable to expect accumulations of nickel, as might be
the case in Drill Hole 6 at 17 m. It is also likely that the muskeg material which underlays the
lowest bench of the waste rock pile is rich in organics and will support microbial sulphate
reduction.
The remainder of the rocks/minerals consist of oxides such as Al2O3 and Fe2O3, and other
rocks containing metals such as aluminum, iron, and silicon . Those minerals  are not  very
soluble according to Forstner (1984) who also suggests that  weathering of these rocks will
increase only when the pH is decreasing. Thus, these elements can only be expected in
specific locations in the waste rock pile where acid generation is occurring.   A number of clay
minerals are reported for the B-Zone Waste Rock Pile.   The clay minerals  themselves are
products of weathering and have a medium to high resistance to weathering processes
(Mathewson, 1993).
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The composition of the waste rock and their minerals can now form the basis on which the
various tests, carried out on the waste rock, can be interpreted. In Schematic 2 all tests used,
and types of results obtained to assess weatherability, are presented.  The sequential
extractions simulate different degrees of weatherability of elements in the minerals according
to the strength of the chemical exposure. The most refractory extraction reveals that fraction
of elements which essentially do not weather at all. The exchangeable fraction would most
likely be very similar to those products released in 24 h leach tests, as they are oxidation
products which have accumulated on the rock surface.  The humidity cell test results will reflect
the elements which have accumulated as oxidation products, in addition to those produced
by oxidation during the test.  From these test results, rates of release can be estimated which
may reflect ongoing weathering in the pile.  Finally, the toe seepage characteristics report  that
fraction of the elements which indeed leave the pile, and are likely the most reasonable
approach to evaluating long-term weathering behaviour of the pile.  In the following sections,
all these tests are related to each other and the estimates are compared to derive the long
term contaminant loadings.
2.5.1 Sequential Extractions
It is very improbable that the entire rock mass comprising the B-Zone Waste Rock Pile is
prone to weathering.  The dissolved and precipitated products of easily weatherable fractions
will dominate the seepage composition.  In reality, only a certain fraction of the rock is
leachable and, in laboratory sequential extraction studies, considered as environmentally
mobile. The environmental mobility is generally determined through sequential extractions, a
procedure consisting of a series of chemical treatments ranging from mild extractions to a
final heat treatment in a strong acid.  Percival (1991 and 1992) carried out sequential
extractions on wall rock from the B-Zone pit and samples from the
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waste rock pile. The data derived from her publications (reproduced in Appendix A-8) are
presented in Tables 6a and 6b for nickel and arsenic. 
Arsenic and nickel bound to crystalline iron oxide is extracted from the rock after it has been
treated 2 times at 50 o C for 30 minutes in ammonium amended hydrochloric acid with a 0.25
M strength.  These fractions of As and Ni can be considered as low weathering and not very
mobile.  The residual fraction was digested with HCL, HF, nitric acid and perchloric acid.  The
fraction of elements released during this treatment certainly qualify as non-weatherable and
highly immobile (iron oxides, residual). 
In Figure 9a, three consolidated fractions are considered using the data in Table 6a; first,
<Residual’ includes the fraction extracted from crystalline iron oxides, added to the fraction
remaining in the residual minerals; second, the slow-weathering, intermediate `FeO’ fraction
was extracted from amorphous iron oxide; and finally, the <Weatherable’ fraction includes the
fractions extracted from the exchangeable, easily acid-soluble and the organic/sulphide-bound
extraction steps. The absolute concentrations are plotted, as it is evident that, first, most rocks
tested contained very little arsenic and, second, those rocks which showed a large fraction of
weathering material originated from either graphic gneiss, or from rocks which contain
significantly higher As concentrations than the average for the waste rock pile.
The residual fractions of arsenic in the sandstone and clay samples (Table 6a) indicate that
up to 86% of the As will not be weathered.  The sequential extraction data suggest that the
weatherability of As in graphitic gneiss is relatively high, as a large fraction of the As present
in the rock samples was mobilized by the first extraction step.  On the other hand, in the
sandstone, arsenic is either bound to organics/sulphides and is of intermediate weatherability,
or the As is essentially refractory (i.e., non-mobile).
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In Table 6b the same type of data are reported for Ni.  A different pattern for Ni is evident,
compared to that for As.  The results from the sandstone extractions indicate that, with the
exception of the one sandstone sample, the mobile Ni fractions are generally small
(exchangeable, easily acid soluble, and organic/sulphide bound), while for As, a larger
fraction reported to the organic/sulphide bound extraction. This suggests that the third
extraction step possibly dissolved an arsenic sulphide mineral (e.g., Alloclasite, as reported
in the mineralogy summarized in Table 5).  The final two extractions and the residual fraction
contained the bulk of Ni present in the sandstone samples.  The results of the graphitic gneiss
Ni sequential extractions are also appreciably different from the As extraction results.
Although the bulk nickel concentrations were high in the graphitic gneiss samples, about 60%
of the Ni was refractory. In Figure 9b, the results are plotted for Ni, grouped as performed for
As in Figure 9a.  The weatherable Ni fractions in sandstone and clay samples  are generally
very low, while about a quarter of the Ni in the graphitic gneiss is more readily available for
weathering.
  
Overall, the sequential extraction data indicate that the some zones of sandstone waste rock
are potential sources of environmentally mobile As, while the graphitic gneiss represents a
source of mobile Ni.  However, a large fraction of the Ni in graphic gneiss is bound within
unweatherable crystalline forms and amorphous iron compounds, and only a fraction could
report in seepages and require treatment under normal weathering conditions.
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2.5.2 Leach Tests: 24 Hour Leach and Humidity Cells
From the previous discussions, it is evident that the composition of rock samples is influenced
by  mineral surfaces, including the formation of precipitate coatings. The rock which is
subjected to leach test will, in part, also reflect the history of pore water chemistry surrounding
and percolating through these rocks.  For instance, rock located in the uppermost portion of
the waste rock pile may be typically exposed to pore water which more resembles rain and
snow.  From such rocks, it could be expected that lower concentrations would report to the
leachate in a 24 h leach test, while in a humidity cell test, leachates would be mainly
comprised of oxidation products formed during the test.  Rock from the deeper portions of the
pile may have been surrounded with pore water which was already quite saturated with
elements, and hence the rock surface may be covered with precipitates. In this manner, the
original location of the rock material used in the tests can affect the results obtained during 24
h leach and humidity cell tests. In this section, only the 24 h leach tests are discussed in detail,
while the details of  the humidity cell results have been reported in Cameco “Year 1" 1993
Report.
A total of nine bleached sandstone, hematized sandstone and till samples collected during the
November 1993 drilling program were subjected to a 24 h leach test in order to determine
which elements are solubilized from the waste rock during this procedure.  Rock samples with
particle sizes < 0.5 inch were selected, and 0.4 kg samples were mixed with 0.8 L water using
pH 5.6 deionized water.  The slurries were gently agitated in flasks for 24 hours, then the
solutions were filtered through 0.45 :m filters and analyzed.  The test conditions created by
this methodology using a small rock mass were the same as those employed by SRK, as
reported in the Cameco "Year 1" 1993 Report.
The pH of the slurries was taken one minute after mixing solids with pH 5.61 water, then one
hour and 24 hours after set-up.  The initial pH of all samples ranged from 5.05 to 7.48.  The
pH of slurries did not decrease during the 24 hour leach test but, in fact, increased in every 
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sample (Appendix A-2) including the October 1993 DH6-5 m sample, comprised of
hematized sandstone with gneiss.  As expected, the measured acidities were very low, with
a maximum acidity measured in the 24 leach test of 10 mg@L-1 CaCO3.
The 24 hour leach test methodology exposes rock samples to distilled water, resembling rain
water, for a relatively short period of time.  Solubilization of elements from weathered mineral
surfaces and dissolution of precipitates in near neutral pH conditions are therefore the only
processes which contribute to leachate characteristics of the 24 h leach tests.  Other
processes, such as mineral oxidation and weathering due to acid generation or neutralization
are unlikely contributing to leachate characteristics. The premise of the 24 h leach test is that
the elemental fractions from rocks which have been in the waste rock pile for 10 years,
exposed to all weathering and neutralisation processes, could be representative of the total
fraction released from the rock in the long term.
The leach test results are evaluated with respect to calculating the maximum expected
concentration in the leachate, if all of the element would be available to solubilize. This is
reported as the expected concentration, for comparison to the measured concentration of that
element.  The percentage of the element found in the leachate can be calculated. In Appendix
A-2, the detailed data are presented, along with the calculations based on the mass of rock
leached and the amount of leach water used in the test. 
In Table 7a, the elements which were found to exhibit some accumulation with depth in the
waste rock pile are summarized. The leachates are arranged in Table 7a also with respect
to depth, the shallow samples in the first column  and the deep samples in the last column.
The fractions of Ba, Ca, Mg, Mn, Na and Cu leached are generally less than 1%. One
exception is for Drill Hole 6, 5 m data (hematized sandstone), where a larger fraction of Ca
and Na were leached.
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In Table 7b, the fractions are presented for those elements which did not accumulate with
depth in the waste rock pile. Arsenic is relatively mobile, in that the fractions leached are
generally  greater than 1 %, ranging from 0.14% to 6.5%. On the other hand, for Ni the
fractions leached are generally below 1%, and range from < 0.05 % to 6.3%.  Larger
percentages of As and Ni were released from the those samples where As and Ni is
suspected to be associated with the hematized sandstone/graphitic gneiss or the overburden
sand.
It is interesting to note that it is the overburden sand sample which released the  highest
percentage of As present in the solid sample, but the graphitic gneiss released the highest
percentage of Ni.  This corresponds closely with the sequential extraction results.  There
is no indication that the percentage of As or Ni released during the 24 h leach test is related
to the depth of sampling.  From this evaluation, it appears that only a few elements will leave
the pile, most notably As, S, and Ni, while other elements may remain in the pile or reach the
environment in seepage at very low concentrations.  Furthermore, it appears that, with the
exception of Ca, Na and S, As and Ni are the only elements which will leach and hence will be
depleted from the pile at the highest rates.   With respect to conditions within the pile, the
results of the 24 hour leach tests indicate that rocks will accumulate As and Ni as precipitates
or coatings.  The conditions in the zone sampled by Drill Hole 6 at 5 m lead to higher Ni
accumulation, while below, in the zone sampled at 17 m, the overburden sand is accumulating
more As.
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2.5.3 Seepage  Characteristics in the Collection Ditches
Seepages are collected through the ditch system, leading to a collection  pond, Stn 6.11, at
the west corner of the waste rock pile (Map 1).  Since 1989, the water quality of collected
seepage samples has been regularly determined.  A pump regulates the water level in the
collection pond automatically, triggering a submersible pump, which pumps seepage water
to the Rabbit Lake Mill for treatment.  In late 1992, a lined pond was constructed between the
waste rock pile and the ore stockpile for retention of perimeter ditch water during periods of
high run-off, effectively partitioning the perimeter drain system into two distinct components.
Upon construction of this lined pond, seepages emerging from the toe of the waste rock pile
along the northeast and southeast sides no longer report to the original Stn 6.11 and, instead,
pool in the ditch at Stn 6.11 SW (formerly sampling location WRP-Q).  Plate 4 shows the lay-
out of the new seepage collection station, Stn  6.11 SW.  This separation also produces a
difference in the path which the seepage takes to reach the ditch, between the Northwest
seepages and the Southeast seepages as presented in Schematic 3.  The Northwest
seepages run potentially over the road into the collection ditch, whereas the Southeast
seepages run directly from the pile into the ditch, as the road is located on the outside of the
ditch.
This  new collection  point (Stn 6.11 SW) is also equipped with a submersible pump which is
operated manually. Water samples from Stn 6.11 SW have been periodically collected since
1993. The seepage characteristics are summarized in Tables 8a to 8c, comparing the original
seepage collecting at station 6.11 for the years 1987 to 1996 and for Stn 6.11 SW from 1994
to 1996.  All detailed data for the seepages are given for both stations in Appendix A-3.
Boojum Research Limited B-Zone Waste Rock Pile
March 1997 1996 Final Report57
Plate 4: Station 6.11 SW seepage collection pond.  Waste rock pile on right side.  Ore
stockpile on left side.  August, 1995.
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Table  8c: Concentrations of Elements in Stn 6.11 (1987-1996)
and Stn 6.11 SW (1994-1996).
STATION 6.11 STATION 6.11 SW
1987 - 1996 1994 - 1996
Avg. S.D. Min Max N Avg. S.D. Min Max N
Al (mg/L) 13 20 0.11 68 20 8.5 1
Diss As (mg/L) 25 31 0.12 120 36 24 13 12 45 4
Tot As (mg/L) 30 36 0.13 130 40 27 12 13 46 5
Ba (mg/L) 0.13 0.14 0.02 0.46 18 0.019 1
Ca (mg/L) 120 93 1.6 441 31 201 25 167 230 5
Diss Fe (mg/L) 6.4 11 0.03 43 18 2.8 2.6 0.07 7.3 5
Tot Fe (mg/L) 6.1 12 0.09 44 17 4.4 2.7 0.86 8.5 4
K (mg/L) 22 15 1.9 68 31 23 10 6.2 33 4
Mg (mg/L) 54 46 2.0 227 31 92 15 80 122 5
Mn (mg/L) 3.5 2.3 0.28 7.3 26 8.0 2.6 4.4 11 4
Na (mg/L) 22 19 1.4 88 26 21 8.2 5.3 28 5
Diss Ni (mg/L) 41 40 0.24 149 36 93 20 74 130 5
Tor Ni (mg/L) 47 55 0.56 220 40 99 19 77 130 4
Parameter concentrations have been determined in as many as 48 samples collected from
Stn 6.11, while at Stn 6.11 SW, only 5 samples have been analyzed. Therefore, comparisons
of the water quality at these two stations are difficult.  The chemical/physical parameters
(Table 8a) suggest that Stn 6.11 has generally a higher pH (Figure 10), somewhat lower
conductivity and a similar Eh (or redox potential).  Total dissolved solids concentrations at Stn
6.11 SW appear to be higher than at Stn 6.11.  The TSS concentrations at Stn 6.11 SW are
clearly higher than at Stn 6.11.
Radionuclides (226Ra and U) reporting to these two collection stations are summarized in
Table 8b. They are present in similar ranges of concentrations.
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Figure 10:  Station 6.11 and 6.11 SW
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The concentrations of metals are summarized in Table 8c.  It appears that the average Ni
concentration, along with the concentrations of some other Group 1a and 2a elements, are
higher in water reporting to Stn 6.11 SW, compared to Stn 6.11.  Between 1989 and 1996,
the Stn 6.11 dissolved arsenic concentrations have ranged from 0.1 mg@L-1 to 120 mg@L-1,
averaging 25 mg@L-1.   Dissolved Ni concentrations have ranged from 0.2 to 149 mg@L-1, and
averaged 41 mg@L-1 for the 1987 - 1996 period.  For Stn 6.11 SW, the dissolved As
concentration was similar to Stn 6.11, averaging 24 mg@L -1 , but the dissolved nickel
concentration was much higher than at Stn 6.11, averaging 93 mg@L-1, and ranging from 74
to 130 mg@L-1.
Although these differences are unlikely to be statistically significant, given the large difference
in the number of samples collected, a more detailed analysis of the seepages is warranted.
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The main purpose is to identify whether one side of the waste rock produces different
conditions than the other side, a phenomenon which would affect the decommissioning
approach which has to be selected. In the previous section, it became clear that some rock
samples contain unusually high concentrations of contaminants which can be readily released,
according to leach test results. These rocks’ weathering characteristics are likely responsible
to specific toe seepages which are particularly high in contaminants and low in pH.
In Appendix A-4, the average concentrations of all elements are summarized by year and the
data for As and Ni concentrations are extracted and presented in Figure 11a and 11b,
respectively. There is some suggestion that annual average dissolved As and Ni
concentrations have been increasing at Stn 6.11 with time.  However, as the number of
samples representing any given year are generally small, a more detailed analysis of  toe
seepages is carried out.
The potential  differences in seepage characteristics between the north side of the waste rock
pile, which is less exposed to weathering, compared to the south side have been addressed
in more detail. The trend of increasing contaminant concentrations reporting to the seepage
collection stations over the years might be related to changes in  contaminant loadings from
either the north and south sides with time. If this is the case, then the specific requirements for
decommissioning each side of the waste rock pile should be defined.  For example, if a single
seep is producing most of the contaminant loading, then remedial actions focussed on this
seepage would greatly reduce overall treatment requirements. Second, if the south face’s
exposure results in increased weathering and contaminant release, then stabilisation of this
side could lead to a further reduction in contaminant loads.  This evaluation, presented in the
next section, will be  based on the sampling data for individual toe seepages, rather than the
mixed and diluted solutions sampled at Stn 6.11 and Stn 6.11 SW in the ditch system.
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2.5.4 Waste Rock Pile Toe Seepages
Between 1992 to 1995, flow was estimated for the major sampling stations at 6.11 based on
pump rates. Specific toe seepages were also identified and sampled, and further flow
estimates were derived occasionally using small weirs, in addition to sampling of the
collective seepage reporting to the collection stations.
Toe seepages identified during the ice-free season emerge principally on the first bench of
the waste rock pile (i.e. the foundation of the pile). The seepages on the southeast side of the
pile, at stations BZWR-1, BZWR-1A, BZWR-2, BZWR-2A, BZWR-3 and BZWR-4, were the
first  toe seepages identified by Cameco personal in 1992. They emerge from the sides of
the inner banks of the seepage collection ditch on the Southeast side of the pile.  After these
seepages were characterized, it was found necessary to investigate seepage occurrence in
more detail.  This was performed two to three times per year.  These seepages can arise
from the first bench of the waste rock pile, then flow overland  to the perimeter drainage ditch.
They are referred to as  WRP-A to WRP-P and Stn 16  seepages.  On the Northwest side, all
seepages emerge from the bottom of the pile, but flow overland, crossing the perimeter road
and drain into the collection ditch.  In Plate 5, the Stn WRP-P seepage on the southeast side
of the pile is depicted along with a pool in which precipitates formation and settling is
facilitated.  Seepage water flows over the bench into the seepage collection ditch, eventually
reporting to Stn 6.11 SW.  For seepages on the northwest side of the pile, depicted in Plate
6 (Stn 16 at bottom left; Stn 6.11 in foreground), the seepages flow over the perimeter road
into the seepage collection ditch.  The locations of all toe seepage stations are given in Map
1.  Seepages have not been observed along the southwest side adjacent to the ore stockpile
area.
During each sampling campaign, typically only a subset of the identified waste rock pile
seepages were flowing in sufficient quantity that a sample could be collected and a flow
measured.  These periodic seepage flows measured from the toe seepages are unlikely
Boojum Research Limited B-Zone Waste Rock Pile
March 1997 1996 Final Report64
Plate 5: WRP-P seepage in foreground.  Seepage Collection Pond and perimeter road
in background.  September, 1994.
Plate 6: Station 6.11 Seepage Collection Pond in foreground. BT-2 wetland in
background.  June, 1994.
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representative of the total flow, given the low frequency of sampling.  The purpose was to
identify differences in flow and behaviour of the toe seepages over time, complementing the
measurements made at the seepage collection stations, Stn 6.11 and Stn 6.11 SW.
From 1992 to 1996 (ice-free seasons), seepages WRP-A through WRP-J, Stn 16, and
BZWR-5 through BZWR-7 (northwest side) drained to Stn 6.11 (Map 1).  Seepages WRP-K
through WRP-P, BZWR-1 through BZWR-4, and the seepage at BZWRD-6 drain along the
southeast side of the WRP and report to the peripheral ditch and pool at Stn 6.11 SW (Map
1).  In Tables 9a to 9c, the water chemistry  data are presented for the Northwest toe
seepages and the Southeast toe seepages, including average concentrations, standard
deviation, minimum and maximum values.  The individual samples and their characteristics
are given in Appendix A-5.
The physical and chemical parameters (Table 9a) suggest that Southeast seepages have
typically lower pH and contain higher concentrations of some parameters (acidity, TSS,
nitrate, sulphate and TKN) than Northwest seepages, if average values are compared.
However, the Northwest toe seepages contain, on average, higher concentrations of total PO4
than Southeast toe seepages.
Southeast toe seepages also contain higher average concentrations of radionuclides (Table
9b)  than the Northwest toe seepages.  For metals reported in the toe seepages (Table 9c),
higher average concentrations of Al, Fe and Mg were present in Southeast toe seepages.
However, Northwest toe seepages contained, on average, higher concentrations of As.
Comparison of these concentrations ranges in Northwest to Southeast toe seepages is based
on similar sample sizes for the two groups.  There is some indication that Northwest toe
seepage water (average conductivity, 1410 :S.cm-1) are diluted by more fresh run-off prior
to reporting to Stn 6.11 (average conductivity, 1104 :S.cm-1), while the average
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Table  9c: Concentrations of Elements in Toe Seepage
Water Quality Data, 1992 - 1996.
Northwest Toe Seepages Southeast Toe Seepages
Avg. S.D. Min Max N Avg. S.D. Min Max N
Al (mg/L) 0.77 0.66 0.11 2.2 10 16 27 0.30 81 15
Diss As (mg/L) 81 102 0.01 520 47 32 30 0.06 130 63
Tot As (mg/L) 73 61 0.07 230 28 27 22 0.18 69 37
Ba (mg/L) 0.03 1 0.01 0.01 0.01 0.02 3
Ca (mg/L) 159 58 54 290 38 176 55 66 292 47
Diss Fe (mg/L) 0.12 0.23 0.001 1.0 32 16 51 0.001 220 42
Tot Fe (mg/L) 0.60 0.62 0.05 2.0 11 34 70 0.02 230 11
K (mg/L) 30 7.3 11 45 38 28 9.8 12 56 47
Mg (mg/L) 74 29 20 147 38 87 49 31 253 46
Mn (mg/L) 5.9 3.9 2.6 17 22 8.4 3.8 4.2 19 32
Na (mg/L) 31 11 13 70 38 23 6.7 11 35 47
Diss Ni (mg/L) 31 11 13 70 38 23 6.7 11 35 47
ToT Ni (mg/L) 88 75 2.6 400 47 85 94 1.8 470 62
conductivity of Stn 6.11 SW water (1669 :S@cm-1) is actually higher the average conductivities
of Southeast toes seepages (1382 :S@cm-1).  This could be due to the nature of the collection
area.   Atmospheric precipitation collects over a larger area along the northwest side pf the
waste rock pile, compared the southeast side (Schematic 3).   On the southeast side,
precipitation may also come in contact with a larger area of contaminated material comprising
the waste rock pile slope.  In addition, more toe seepage flow may be generated on the
southeast side of the pile, due to the original surface drainage pattern which will be discussed
later. Given these possible differences between the toe seepages on the north and the south
side of the waste rock pile, the data are examined with respect to specific chemical
characteristics of the seepages.
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From 1989 to 1996, the pH of Stn 6.11 water has overall declined from an average pH  of 5.4
in 1989, to an average pH of 3.7 in 1995 (Figure 10).  The average pH in 1996 (only 3
samples collected) was higher, at pH 4.7.  The average pH of Stn 6.11 SW water has typically
been lower, ranging from pH 3.0 (1994) to pH 3.9 (1996).
The pHs of Northwest toe seepages (1992 - 1996) have ranged from pH 3.0 to pH 6.0,
averaging pH 4.1 (n=58).  The conductivity has ranged from 550 to 4,620 :S@cm-1, averaging
1,410 :S@cm-1 (n=58). For the Southeast toe seepages, lower pH values have been recorded,
reaching as low as pH 1.94, and the average pH of Southeast toe seepages was accordingly
lower, at pH 3.2 for this period.
The dissolved arsenic concentrations in Northwest toe seepages have, on average, been
higher than in Southeast toe seepages. The higher As concentrations in Northwest toe
seepages could be explained by the overall higher pH values in the seepages; higher pH will
limit the solubility of iron compounds, and less As will be precipitated in the Northwest toe
seepages as iron arsenates.  In contrast, lower pH and higher measured iron concentrations
in Southeast toe seepages may result in precipitation of iron arsenate compounds, lowering
As concentrations, a phenomenon which has, in fact, been observed (WRP-P).  Formation of
precipitates has not been observed over any Northwest toe seepage paths.  In contrast, lower
pH will maintain higher concentrations of dissolved Ni in solution, which may also explain why
Ni concentrations in the two sets of toe seepages remain similar.
During 7 sampling campaigns between 1992 and 1996 efforts were made to measure flow
from all toe seepages emerging from the WRP (data provided in Appendix E-5).  In Table 10,
the flows of the toe seepages are summarized, again separating the Northwest and Southeast
toe seepages.  Typically, a higher sum of flows was measured along the Southeast side of the
waste rock pile, averaging 0.33 L@s-1, compared to 0.17 L@s-1 for the Northwest seepages.
This implies than more seepage is draining from the Southeast,
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compared to the Northwest sides, which is supported  by the observed higher average Ni
concentrations and conductivities at Stn 6.11 SW, compared to Stn 6.11.
It was suggested earlier that toe seepage generation and water quality may be related  to the
exposure of the waste rock pile embankments to erosive forces, such as wind, sun, rain and
freeze-thaw cycles, etc.  In Figures 12a and 12b, the temperatures of the Northwest and
Southeast  toe seepages are plotted respectively  in relation to their flow.  
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The temperatures of water emerging from the Northwest toe seepages (Figure 12a) range
from 1 to 17o C, and the flows are typically low (usually less than 0.05 L@s-1), with two
exceptions at the northern end of the waste rock pile (Stns WRP-I and WRP-J).  The relatively
cold water flowing  from the pile from WRP-I and WRP-J seepages, emerging at an elevation
about 5 m above the road bed, appears to be fed by a perched water table or melting ice lens
positioned on top of a layer of till which outcrops from the waste rock pile embankment in this
area.
A more distinct inverse relationship between flow and temperature is observed for the
Southeast toe seepages (Figure 12b). The low flow toe seepages are generally small
temporary pools containing water warmed during the ice-free season, while with increasing
flow, other seepages are discharging colder water.  These same high flow seepages typically
contain the highest As and Ni concentrations (WRP-N, WRP-O, WRP-P, BWR-1, BWR-1A
and BWR-2), and represent the largest point sources of contaminant loads from the waste
rock pile.
Assuming the faster flowing toe seeps are fed by perched water tables or melting ice lenses
in the waste rock pile, they will likely continue to flow throughout the year.  Although the
perched water tables are inferred based on the temperature and flows, the stratigraphy of the
pile support this suggestion, since till occurs in the lower portions of the waste rock pile.
Furthermore, the southwest corner of waste rock pile overlies the original headwaters of the
Streams 1 and 2 (Map 1) visible from the old topography (Plate 3) and the original flow paths
may promote higher drainage in this area.
The loadings generated from the toe seepages (Table 10) are quite revealing when assessing
contaminant release from the waste rock pile.  For example, in June, 1994, the combined
loads of As and Ni in Northwest and Southeast toe seepages (0.5 t@y-1 As and 1.2 t@y-1 Ni)
account for significant fraction of the total annual load (1.7 t@y-1 As and 4.9 t@y-1 Ni), estimated
based on Stn 6.11 water quality and the annual volume estimate of 59,642 m3@y-1 (see Note
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10, Table 12a).   Given that the As and Ni loads estimated at Stn 6.11 are larger than the toe
seepage As and Ni load estimates, and assuming that these two sets of estimates reflect, to
a large degree, the existing hydrological conditions (discussed in the next section), this would
suggest  that little to none of the contaminant loads is lost to ground water.  In fact, the
estimated total run-off volume directly from toe seepages per year (15,000 m3@yr-1), based on
toe seepage flow data, is in line with the estimated annual run-off volume calculated for the
waste rock pile area (59,642 m3@y-1, Table 12a).  Since toe seepage location, temperature
and flow relationships suggest perched water tables,  and low-permeability materials such as
muskeg sediment and till underlie the waste rock pile, ground water is unlikely being
contaminated to a large extent.  Ground water quality data support this view.
  
The Southeast toe seeps can account for a major fraction of the contaminant load leaving the
waste rock pile.   The Southeast toe seepages appear to contribute more Ni, while As is
originating from both sides of the pile. One decommissioning option is to address specific
seepages in well confined treatment areas close to their origins. These considerations, based
on the toe seepage characteristics described above, suggest that a more selective
decommissioning approach may have significant long-term benefit.
2.5.5 Toe Seepage Treatment Rational
In Section 2.1,  the whole rock analyses were discussed in relation to the potential long-term
loading expected to be treated in a decommissioning scenario. This was followed by an
evaluation of the toe seepages and water collected at Stns 6.11 and 6.11 SW. The estimates
generally corroborated the experimental work and the field data generated by sampling of
seepages.  Unusually high concentrations of contaminants were detected during analyses of
whole rock samples from Drill Hole 6, which may represent conditions where precipitates are
forming inside the pile.  This precipitation process may lead to a
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reduction of contaminants leaving the pile. Practically, it will be difficult to avoid or promote
these precipitation processes in the waste rock pile.  It is unlikely that these conditions prevail
throughout the waste rock pile and are probably localized to specific zones with the correct
configuration of waste rock types and hydrogeology.
In  Schematic 4, a precipitation and redissolution scenario is depicted which suggests that
along flow paths within the pile, As and Ni, along with other solubilized compounds, may be
leaching downwards from a wide variety of rock types, releasing similar low concentrations
of contaminants in a more or less homogenous manner.  However, the various rock types
undergoing weathering produce  a variety of solution chemistries which, upon combining in
lower strata, induce the formation of precipitates in discrete pockets within the waste rock pile.
Schematic 4: Proposed Waste Rock Pile Seepage Generation Pathway
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Over the various percolation pathways, spatially separated pore waters develop distinct
chemical compositions.  Convergence and mixing of percolating pore waters can result in
precipitation of As and Ni compounds which may be trapped in pore spaces of sand and
gravel lenses.  These pockets of precipitates may be resolubilized if different percolating pore
waters are diverted through the precipitates.  As water percolation pathways likely change with
time due to occlusion by solids and pile settling, these precipitate pockets may be periodically
subjected to resolubilization of contaminants, followed by the transport of the dissolution
products to the toe seepages.  This internal precipitation process, if understood in more
detail, might lead to a better understanding of the long-term behaviour of the pile. Such
processes could be identified through detailed investigation of the conditions which prevail
in, for example, the zone sampled by Dill Hole 6.
The localized nature of contaminant precipitation and resolubilisation which may be present
in the waste rock pile is also suggested by the waste rock pile piezometer water quality. The
As and Ni concentrations measured in these piezometers are presented in Figure 13a and
13b, respectively. The As concentration frequency distribution (Figure 13a) clearly suggests
that most samples contained low As concentrations (0.1 m@L-1 or less), and only a few
samples contained elevated or high As concentrations.  The minimum value reported in the
piezometers was 0.0005 m@L-1 and the maximum was 15.2 m@L-1 As.   The Ni concentration
frequency distribution shows the same pattern for the waste rock pile piezometer water quality
data (Figure 13b).   The minimum Ni concentration measured was  0.02 m@L-1 and the
maximum concentration was 107 m@L-1.
 
As noted above, precipitates containing extremely high concentrations of As (24% dry weight),
Fe (21%) and SO4 (2.2%) accumulate at the base of the waste rock pile at seepage station
WRP-P (Table 11) as shown in Plate 5.  These As, Fe and SO4 concentrations are 100, 5 and
5 times higher, respectively, than the highest concentrations determined in the whole rock
analyses. This precipitation process should be understood geochemically and possibly
utilized for the removal of As from the seepage water.   While
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the Ni concentration in these precipitates is low (0.05%), the WRP-P seepage contains up to
220 mg@L-1 Ni, the highest dissolved Ni concentrations recorded for the B-Zone area to date.
The consistently low pH of this seepage (1.94 to 2.68) clearly leads to formation of an As-
containing precipitate stable under very low pH conditions.
 In summary, the  processes which are observed to occur in the waste rock pile and in the
immediate vicinity of the waste rock pile suggest a potential avenue for concentrating or
containing the contaminants in addition to passive treatment approaches developed for the
seepage. It is important to recognize that these processes are already occurring naturally and
therefore, augmenting these processes wisely could only make a positive contribution to an
environmentally sustainable decommissioning approach for the waste rock pile.
Table 11: Summary of As, Ni, Fe and S concentrations in B-Zone WRP in solids










1 2,760 6 1,844 2,800 43,300 200 4,600
WRP-P Precipitate :g@g-
1
241,700 540 206,000 21,700
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2.5.6  Long Term Projections of Contaminant Release From the Pile
Assuming that the weatherability considerations are applicable, derived from the rock and
mineral characteristics reported for the B-Zone Waste Rock Pile in the sections above,
construction of a mass balance of the fractions of elements weathering from the pile should
be possible which would reflect the resulting release to the toe seepages.
In Tables 12a and 12b,  a mass balance  is presented, comparing  leach rates of the major
elements in mg@kg-1@d-1. These rates are derived from data collected during the two studies
on the B-Zone Waste Rock Pile. The following approach was taken.  Staying with the
separation of the one set of elements which possibly accumulate with depth and the second
set which do not appear to do so, the average concentrations of elements are computed for
97 rock samples (Row 1).  The concentrations reported in the leach solution after 24 h are
averaged separately for all leach test results, and the results not including the Drill Hole 6 data.
Average concentrations are given for the  kinetic test work in the humidity cell tests, reported
in the 1993 Cameco report.  These results  are summarized in Tables 12a and 12b in Rows
2 through 6.  The total content of an element in the WRP was calculated based on its average
concentrations in the 97 rock samples (Row 1), multiplied by 9.1 million tonnes of waste rock
(Row 7).
Rows 8 to 11 of Tables 12a and 12b consider the actual seepage characteristics in the
collection ditch.  The seepage water quality characteristics of B-Zone Waste Rock Pile have
been monitored for close to 9 years.  The water quality at Stn 6.11, the original seepage
collection pond  collecting 34% of the run-off from the waste rock pile (Row 8) is presented
separately from the water quality at Stn 6.11 SW, where 66% of run-off from the pile collects
(see Note 10, Table 12a), according to the hydrological evaluation of the B-Zone Waste Rock
Pile, discussed in Section 2.3, and the analysis of toe seepage flow data.   The averages of
the elements in the seepage water are expressed in g@m-3, and a combined annual load of the
elements is calculated in tonnes/per year (Row 10)  leaving
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the waste rock pile.  These estimates assume that the water not reporting to the seepages
and leaving the pile in ground water has a similar chemical composition as that reporting to
the seepage collection stations.
The total mass, in tonnes, of an element in the waste rock pile (Row 7) is divided by the annual
load of the element leaving the pile according to Stn 6.11 and 6.11 SW data (Row 10) to
arrive at the projected years to exhaustion (Row 12).  This projection represents the worst
case scenario, since it assumes that the total mass of the element in the waste rock pile will
eventually be weathered and leave the pile in seepage over the long term (100% depletion).
This, of course, will not be the case, but this estimate provides the basis, together with  data
from sequential extractions and the leachability rates generated from the kinetic test, to
estimate the total load of contaminants which has to be treated from the pile.  Some elements
re-precipitate in the pile, while conditions will change as supplies of weatherable materials in
the top portion of the pile are exhausted, leading to changes in the seepage characteristics
in the deeper portions of the pile. At that time, the 24 h leachate characteristics are likely more
representative of the seepage characteristics, as was discussed previously.
These estimates indicate that 0.59% of the Ni and 0.65% of the S present in the pile are
leached out each year.  The total As content in the pile is decreasing by 0.26 % per year.
Estimates of the number of years required before leaching exhausts the supply of elements
in the WRP, shown in Row 12, are a linear approximation of this depletion process. These
estimates suggest that all As present in the pile would leached in 378 years, all Ni would be
leached in 169 years and all S would be leached in 153 years at the present rate (Table 12a).
With time, the rates of removal of these contaminants can be reasonably expected to
decrease.  Phosphorus, zinc and uranium are depleted by 0.02 %, 0.01 % and 0.01 % per
year, respectively, while even lower amounts of 226Ra, K, Fe, Cr and Al are leaching (0.0001%
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per year) from the pile.  Calculations for elements which were found to possibly accumulate
in the lower portion of the waste rock pile (Table 12b) suggest similar  leaching  rates; 0.04
% per year for Mn, to 0.0001 % per year for Ba, and similarly  low percentages for other slow
weathering elements or those reprecipitating in the pile.
The generally low percentage of elements reporting to the seepage, and thereby leaving the
pile each year, would indicate that a large fraction of the waste rock pile can be considered
as containing slow, intermediate or essentially non-weathering minerals or rocks, as was
suggested from the previous discussion where weatherability of minerals present in the B-
Zone pile was evaluated.
These depletion rates are derived considering the B-Zone Waste Rock Pile as one large
leach test over the last decade, assuming all As and Ni in the pile will be available for
leaching, and that the leach process is linear.  Although both these assumptions for the
extrapolation are unlikely reflecting reality, some confidence can be gained in the expected
long term environmental loading by comparison of the 24 h leach tests with the humidity cell
tests results and actual seepage quality.
In Row 13 of Tables 12a and 12b, the total annual load of each element reporting in the
seepage and leaving the pile, is divided by the total number of kg of rock in the WRP and 365
days to estimate daily loads, expressed as mg of element per kg of waste rock per day
(mg@kg-1@d-1). The leach rates for the 24 h leach tests from all test results (Rows 14 and 15)
were derived from 0.4 kg of rock in 0.8 L of water.  The concentration of the element present
in the leachate, reported in mg@L-1, multiplied by 0.8 L and divided by 0.4 kg, represents the
total mass, in mg, of an element which is leached from 1 kg of rock in 1 day.  Therefore, the
leach rate can also be expressed as mg@kg-1@d-1.
The 24 hour leach test rates including DH6 data (Row 14) and without DH6 data (Row 15)
were considered.  Estimates presented in Row 15 is likely more representative for the entire
Boojum Research Limited B-Zone Waste Rock Pile
March 1997 1996 Final Report82
pile as they reflect the overall  conditions in the waste rock pile. The graphitic gneiss humidity
test cell (Row 16), the sandstone humidity test cell (Row 17), and the composite humidity test
cell (Row 18) were originally reported as weekly leach rates, based on the last four cycles of
the humidity test cells (Appendix 3B of the 1993 Cameco report).  These values were divided
by 7 to present the leach rates per day, also expressed as mg@kg-1@d-1.
The leach rates based on seepage water quality are typically 3 to 5 orders of magnitude lower
than leach rates based on the 24 hour leach tests.   This is easily explainable since distilled
water is used, comparable to rain water, which would enhance dissolution in leach
experiments, while this is not the case for waste rock pore water in deeper portions of the pile.
Here, the rain moves weathering products from the rock surface which have formed thin films
on the surfaces.
Leach rates estimated from the humidity cell tests are one order of magnitude lower  to three
orders of magnitude higher than estimates based on the seepage water quality. This
variability is directly related to the rock selection, as graphitic gneiss produces acidic
conditions which would result in increased leach rates in the absence of rocks with neutralizing
potential.  The leach rates for sandstone and the composite sample used in the humidity cells
produces very similar leaching rates as those projected based on the seepage
characteristics.
Only the As leach rate determined from the seepage water quality was higher than the leach
rates determined from the humidity cell data.  Nickel leach rates, based on seepage water
quality in the ditch, were very similar to Ni leach rates based on humidity cell data.  For the
remainder of elements, the leach rates determined from seepage water quality were the same
as, or up to 3 orders of magnitude lower than, the leach rates based on humidity test cell
results.
These comparisons indicate that processes occurring in the laboratory tests (24 leach, 
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Total of measureed elements: 9366600 tonnes 
Total B-Zone Waste Rock: 9.1 M tonnes
humidity cells) also take place in the waste rock pile.   The assumptions made in comparing
the leach rates are the same, in that complete leachability of the elements is possible, which
of course only partially reflects reality.
In order to arrive at final estimates of contaminant release from the whole waste rock pile,
some overall perspective has to be taken in evaluating what fraction of the waste rock pile was
actually represented in the tests.  In Figure 14, the total tonnages calculated for all measured
elements used for the projections and leach test evaluations were summarized (data taken
from Tables 12a and 12b).
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The elemental concentrations, multiplied by the waste rock tonnages, accounted for about
936,000 tonnes, or one tenth of the total rock mass in the pile. The largest percentage was
represented by K, Al and Fe, accounting for three quarters of the measured elements in the
pile.  Assuming that the selection of the rock types in the test work was proportional to the
estimated composition of the waste rock pile, it is reasonable to suggest that the observed
distribution of elements reflects the entire pile. This is likely the case, given that one tenth of
the mass is accounted for, of which a significant portion of the rock is silica (not analyzed) and
the measured concentrations of elements do not include the mass of their oxides.  The fraction
of Na, Mg, Mn and Ca, which are all elements contributing to precipitate formation and
accumulations in the pile, is close to a quarter of the mass accounted for from the whole rock
analyses.  This suggests that the pile could not be short of material which will facilitate
precipitation/accumulations as summarized for Drill Hole 6.  This overall view of the pile
provides confidence in projections of the contaminant mass being released in the long term.
To arrive at a reasonable estimate of what might be the total mass leached, Table 13 provides
a summary of projections of total contaminant mass expected from the B-Zone waste rock
pile.  The total mass of As and Ni in the waste rock pile is given, reporting minimum, maximum
and average tonnes with and without Drill Hole 6 data. Using the average mass in the pile for
both scenarios, a range of 400 to 240 tonnes of As will have to be treated, and for Ni, the
range is 450 to 350 tonnes. Previously, it was estimated that 1.7 tonnes of As and 4.9 tonnes
of Ni leave the pile each year (Table 12a).  This results in the projection that the arsenic supply
in the pile will be depleted in 240 to 140 years and nickel will be depleted in the range of 91
to 73 years.  In comparison  to other long term considerations which prevail when
decommissioning scenarios are developed in the uranium sector, these contaminants will not
represent a long term problem for decommissioning.
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3.0 MUSKEG SEDIMENTS AS CONTAMINANT SINKS
The waste rock conditions, the hydrological conditions and the contaminant release rates from
the waste rock pile, suggest that decommissioning plans have to consider at least a time span
of 100 to 200 years for As and Ni.  Although this is relatively short in comparison to
radiological concerns raised in the uranium sector, it remains a time span exceeding the life
of the mining activities on the peninsula.  Constructed wetlands have received extensive
attention as  possible polishing/treatment areas, such as Star Lake. A detailed evaluation of
the Star Lake muskeg, used as an active treatment area for gold mill effluent, indicated that
when muskeg sediments where present and reducing conditions obtained, this approach to
effluent treatment in active operations is effective. 
A review of the 35 papers, covering various types of wetlands as treatment options for mine
effluent, revealed that when the pH of the system is above 4.5 and the acidity is less than 300
mg@L-1, these passive approaches are very effective (Kalin et al., 1995).
The muskeg areas (the BT-1 and BT-2 wetlands) adjacent to the waste rock pile on its
northwest side, given their hydrological and biological conditions, appear to be suitable areas
to be assessed for potential use in decommissioning.  Seepage which emerges from the
waste rock pile could be directed into the wetlands where the contaminants would be retained
in the sediments. 
The microbial activity of the muskeg sediments could be enhanced through addition of easily
degradable organic material.  Consequently, As and Ni is removed from the water through
organic complexation as a result of decomposition of organic mater.  The pH would be
elevated due, in part, to microbial iron reduction.  In the deeper portions of the sediments,
where low Eh is maintained, metals form either carbonates or sulphates which are relatively
stable environmentally and are removed from the weathering cycle. These As and Ni removal
processes, expected to take place in the sediments, formed the working hypothesis which has
been tested both in the laboratory and in the field since 1992.   
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Several studies (e.g., Kalin, 1993; Wildeman, 1993) have demonstrated the capacity of
wetlands to remove heavy metals from contaminated waters in a wide variety of situations.
The research on As and Ni removal in sediments was carried out with the assistance of
CANMET.  Several publications have been produced discussing the processes involved in
contaminants removal and the forms of contaminants relegated to the sediments.  All
publications on either laboratory reactor work or the field results are enclosed for ease of
reference in Appendix E.  In this section, additional information about both field and laboratory
tests are presented which has not been published before.
3.1 Arsenic and Nickel Removal in Enclosures in BT-2 
In July, 1992, field enclosures were set up in the BT-2 wetland (Map 1).  Early results have
been published (Smith et al., 1993; see Appendix E-3) and were presented in the Cameco
1993 report.  Since these field experiments have been carried out over a three year period,
the chronology of activities is summarized in Table 14.
Each of the 6 enclosures were constructed by enclosing a 2.4 x 2.4 m area of the BT-2
wetland within a Fabrene (woven fibreglass and plasticized geotextile) curtain (Plate 7).  The
curtain was anchored 0.3 m beneath the sediment-water interface by heavy chain sewn into
the bottom edge of the curtain in order to prevent direct exchange of water between the
enclosure and the surrounding wetland.  The area of each enclosure is 5.8 m2 and encloses
a volume of 2990 L (0.5 m water column). To provide organic matter to stimulate microbial
activity,  hydroseeding mulch and fertilizer were added to enclosures E-2 and E-5.  Fertilizer
and alfalfa were added to enclosures E-3 and E-6.  E-1 and E-4 served as amendment-free
controls. It became apparent that fertilizer additions to the enclosures were redundant.  The
6.11 seepage characteristics were summarized in late 1992 and showed that the seepage
contains significant amounts of nitrogen and phosphorus.
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Table 14: History of Additions to and Sampling of BT2 Wetland Enclosures.
Date Activity Objective
July 21 Enclosures set up 2.4 m x 2.4 m fabrene To determine if sediments can remove 
inserted into sediment contaminants from waste rock pile seepage
July 23 E-1 No amendment and whether removal rates are enhanced by
E-2 0.1 m3 mulch, 2 kg NPK organic amendment (alfalfa, mulch)
1992 E-3 40 L alfalfa, 2 kg NPK
E-4 800 L stn 6.11 water
E-5 800 L stn 6.11 water, 0.1 m3 mulch, 2 kg
NPK
E-6 800 l stn 6.11 water, 40 L alfalfa, 2 kg NPK
Water sampled day after setup
September 17 Water sampled To determine if As and Ni were removed from
1992 amended reactors over 2 month period
April 6 Water sampled under ice To determine overwintering effects on
1993 water chemistry (sampled under ice)
June 12 E-4, E-5 and E-6 each receive 120 L WRP-P
sludge.
To determine if As and Ni are released
and subsequently removed by sediments
To provide a fuel for anaerobic
microbiological processes
1993 20 kg potato waste added to E-3 and E-6
Water sampled before and after amendment
addition
July 18 Water sampled To assess chemistry changes 1 month after
1993 addition of amendments
August 16 E-4, E-5 and E-6 each receive 600 L stn 6.11
water
To continue to test the ability
of sediments to remove As and Ni
1993 180 g of steel wool added to E-2
Water sampled before and after water addition




E-4, E-5 and E-6 each recieve 1154 L WRP-Q
water
To determine the ability of sediments 
to treat a high loading of contaminants
Water sampled before and after water addition
September 8 Water sampled To of sediments to treat a high  determine  
capacity loading of contaminants over a summer1994
June 24 E4, E5 and E6 each receive 500 L 6.11 water To determine capacity of sediments to treat 








Water sampled To monitor performance of enclosures over  
summer
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Plate 7: Wetland enclosures installed in BT-2 wetland.  July, 1993.
B-Zone Waste Rock Pile seepage water was added to E-4, E-5 and E-6 once in 1992
(Station 6.11 water), twice in 1993 (WRP-P sludge in June; Station 6.11 water in August), and
once each year in 1994 (Stn 6.11 SE) and 1995 (Stn 6.11 water).  Precipitate, in the form of
sludge containing high concentrations of As collected at toe seepage WRP-P, was added in
June 1993.  Enclosure water was sampled 3 or 4 times annually, including winter samples 
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when the enclosures were  ice-covered in April, 1993 and April, 1994.  Samples were
collected from the enclosures immediately prior to, and 1 to 3 days after, the addition of
contaminated water or sludge. 
The enclosures were constructed such that a known volume of the BT-2 wetland water column
was enclosed, and this volume was exposed both to the atmosphere and to a known surface
area of underlying sediment.  Over the course of the experiment (July, 1992 to September,
1995), the enclosures remained structurally sound.  The range of water levels in the BT-2
wetland varied by 0.25 m during this period, and the lip of the enclosures remained above the
maximum water level observed, i.e., no overtopping of the enclosures was observed.  No tears
were observed in the enclosures' curtains. However, the possibility that the enclosures were
leaking had to be examined, prior to evaluation of the process performance.
It could be postulated that the contaminants are slowly diffusing out of the enclosures, after
addition of the seepage, due to the difference in concentration gradients. To evaluate this
potential for leakage, generally chemically conservative elements, such as chloride, can be
utilized.  Unfortunately, chloride concentrations in Stn 6.11 water range from only 0.6 to 6.0
mg@L-1, while BT2-250 chloride concentrations are very similar, ranging from 0.7 to 5.7 mg@L-1.
Therefore, a chloride concentration gradient did not exist between the enclosures following
Stn 6.11 water addition, and the BT-2 wetland at large. 
Sulphate, nickel, arsenic, sodium and magnesium were elements for which a concentration
gradient was created through addition of Stn 6.11 water to the enclosures. These elements
are used to asses potential leakage due to a concentration gradient, by comparing the rate
of  disappearance between the two measuring intervals expressed as mg@L-1@d-1.    If these
rates determined between sampling intervals are directly related to the concentration gradient
between the enclosure water and the surrounding BT-2 wetland ([inside]/[outside] ratio), then
it might suggest that diffusion drives some of the removal. 
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In Figure 15, apparent  rates of SO4, Ni, As, Na and Mg removed, expressed in mg@L-1@d-1, for
periods between two sampling campaigns are plotted against the measured concentration
gradient at the start of the period.  Should the different elements’ removal rates over the
examination period differ when their initial inside/outside concentration ratios were the same,
then simple dilution is not suggested. 
The greatest concentration gradients established between the inside and outside of
enclosures E-4, E-5 and E-6 were for sulphate (up to ~ 900:1) and nickel (up to ~ 600:1). 
The apparent sulphate disappearance rates reached as high as 4 mg@L-1@d-1 (the negative
removal rates occurred when sulphate concentrations in the enclosure increased by the end
of the period).  For nickel the  rates did not exceed 0.5 mg@L-1@d-1, almost a order of magnitude
lower than maximum sulphate removal rate.  Comparing rates of nickel to sulphate for the
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concentration gradient ratios ranging from 60 to 600,  it is apparent that the rate of nickel
removal was much slower than the rate of sulphate removal.  These differences suggest that
the processes which take place are not driven by a concentration gradient or whole scale
water exchange, and therefore provide reasonable assurance that the enclosures did not leak.
In addition, laboratory reactor experiments, using the same solutions and sediments as in the
field enclosure experiment, were conducted.   In these closed laboratory systems, As and Ni
removal, as well as sulphate concentration and conductivity decreases, were consistently
observed. Given that removal of contaminants and other compounds occurred in both
situations and are likely related to microbial activity, the enclosure data can be evaluated
without concern of dilution from the outside.
Data for Ni and As concentrations in the water of the 3 enclosures receiving seepage water
and sludge (E-4, E-5 and E-6) since the first sampling in 1992, are shown in Figures 16a and
16b respectively.
Following addition of 800 L of Stn 6.11 water in July, 1992 to each of enclosures E-4, E-5 and
E-6, dissolved As concentrations were increased from 0.7 mg@L-1 to 19, 12 and 18 mg@L-1,
respectively.  Dissolved Ni concentrations were increased from 0.02 mg@L-1 to 20 (E-4), 12
(E-5) and 15 (E-6) mg@L-1 (see Appendix D-1 for data).
Water samples collected in September, 1992 contained 0.88, 0.90 and 1.64 mg@L-1 dissolved
As and 5.3, 3.5 and 0.38 mg@L-1 dissolved Ni in E-4, E-5 and E-6, respectively.  These early
results suggested that water and sediment processes occurring inside the enclosures were
responsible for decreases in dissolved As and Ni concentrations.
In June, 1993, WRP-P sludge was added to determine whether contaminants were mobilised
from solids and if so, were subsequently removed by the sediments.  There was little elevation
in As concentrations (< 2 mg@L-1), as shown in Figure 16a.  Ni concentrations in Enclosures
E-4, E-5 and E-6 increased  to 2.2 mg@L-1, 8.4  mg@L-1 and 11 mg@L-1, respectively (Figure
16b).
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In August, 1993, a further addition of Stn 6.11 water was made to E-4, E-5 and E-6.  Water
was sampled the following April (under the ice) by which time most As  and Ni  was no longer
detectable.
Stn 6.11 SW water was added to E-4, E-5 and E-6 in June 1994.  The surface water of each
enclosure and the BT-2 wetland at large were sampled in June and September, 1994.  Stn
6.11 water was again added to E-4, E-5 and E-6 in June 1995, and water samples were
collected before and after addition, and in August and September, 1995.  The concentrations
of As and Ni had declined to near background by the first or second sampling period following
addition of Stn 6.11 or Stn 6.11 SW seepage water.
3.1.1 Biogeochemical Processes in Field Enclosures
The BT-2 wetland water quality is characterized by neutral pH (5.6 to 6.1), very low
concentrations of cations and anions (6 mg@L-1 or less for any ion measured), and therefore
has a very low conductivity (21 to 53 :S@cm-1; see Tables 15 a to 15 d).  Dissolved As (0.4
to 0.7 mg@L-1) and Ni (0.03 to 0.05 mg@L-1) are present in BT-2 wetland water, possibly due
to its proximity to the B-Zone waste rock and ore piles (contaminant input) or due to peripheral
mineralization around the former ore body.
B-Zone WRP seepage (Stn 6.11, Stn 6.11 SW) or sludge (WRP-P) was added to enclosures
E-4, E-5 and E-6 on five occasions between July, 1992 and June, 1995.  The pH of these
solutions ranged from 3.0 to 5.5, and typically contained high concentrations of sulphate (600
to 1,727 mg@L-1), calcium (150 to 240 mg@L-1) and magnesium (28 to 120 mg@L-1).  Relatively
high concentrations of arsenic (12 to 45 mg@L-1) and nickel (28 to 237 mg@L-1) were present
in WRP seepage water.  The seepage solutions also contained beneficial compounds, with
respect to biological treatment, including phosphorus (3.4 to 26 mg@L-1), nitrate (3.4 to 26
mg@L-1 as N) and ammonia (0.12 to 5.5 mg@L-1 as N).  Although
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not measured in all solutions added, 226Ra concentrations ranged from 1.8 to 14 Bq@L-1, while
U concentrations ranged from 0.034 to 2.03 mg@L-1 (Tables 15a-15d; Appendix D-1).
Surface water samples were collected from the enclosures during each site visit, while
collections were made by Cameco personnel in July 1994, and in April 1993 and April 1994
(sampled from beneath ice).  Upon addition of Stn 6.11, Stn 6.11 SW or WRP-P sludge, the
concentrations of these compounds increased in enclosures E-4, E-5 and E-6.  Summaries
of  water chemistry of the enclosures for all sampling dates of  E-4, E-5 and E-6 are made in
Table 15a (1992-1993), Table 15b (1993-1994) overwinter, Table 15c (1994, June to
September ) and Table 15d (1995, June to September).
In addition to the observed reductions in concentrations in As and Ni in the enclosures with
time, described above, the concentrations of all other compounds also decreased to near
background (E-1, E-2, E-3 and BT-2).    
Sulphate concentrations had declined at the times of sampling following seepage addition to
the E-4 enclosure, the E-5 enclosure and, particularly, the E-6 enclosure, where alfalfa, then
potato waste, were added to augment microbial activity, including bacterial sulphate
reduction.
Nitrate and ammonium concentrations were increased by addition of fertilizer and mulch (E-2,
E-5), alfalfa (E-3, E-6) or potato waste (E-3, E-6) and also by addition of WRP seepage
water.  Bacterial nitrate reduction and ammonification of the organic amendments are two
processes responsible for nitrate reduction and maintenance of ammonia levels.
Determination of removal rates of contaminants, based on the enclosure data, tends to
generate underestimates, since the time of the first sampling campaign after addition of Stn
6.11 water usually occurred after As or Ni removal was complete.  Ideally the enclosures
should have been sampled after addition on a daily basis to determine specific period 
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required for contaminant removal for calculation of accurate removal rates.  Reactor
experiments were carried out where sampling intervals were daily or adjusted to longer
intervals at later stages, based on results from initial follow-up sampling. For the enclosures,
apparent removal rates were calculated using the approach outlined below. 
Arsenic, nickel and sulphate removal rates, in mg per litre per day (mg@L-1@d-1), were estimated
by subtracting the final concentration (mg@L-1) measured for a period from the  initial
concentration, and dividing this difference by the number of days in the period.  A summary
of removal rates is presented in Table 16a, based on calculations and data given in  Appendix
D-2.
Removal rates were calculated only when the final concentration remained above background
(higher than outside enclosure) at the time of re-sampling following the addition of Stn 6.11
water.  Calculated rates were not included in this summary for those periods when the
concentration inside the enclosure was the same, or less than the concentration in water
outside the enclosure. If this was the case, then  complete removal had occurred  some time
prior to the end of the period when water was sampled. A calculation would not reflect the
correct removal rates, but would represent an underestimate of the capacity of the system.
In Table 16b the data are summarized, presenting  the number of observation periods when
the field data facilitated the calculation of removal rates (Class 1); those cases when the
contaminant was already removed at the time of sampling (Class 2); and finally the number
of observation periods in which the contaminant had been removed already during  the
previous observation period and no contaminants were available for removal (Class 3).  It is
clear that the estimated removal capacity based on the field experiment data does not reflect
the actual capacity of the sediments. This evaluation also indicates that the estimated Ni
removal rates could be calculated for the majority of observation periods (Class 1).  For As,
most observation periods were Class 2 or 3, indicating that As was
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removed prior to the next sampling time, and the calculated As removal rate likely
underestimates the true removal capacity of the wetland.
In Table 16a, average, minimum and maximum As, Ni and SO4 removal rates are presented
in three groups; rates calculated in the first, second and third measurement periods following
addition of WRP seepage to enclosures E-4, E-5 and E-6.  Calculated removal rates for up
to 11 periods were possible for each enclosure.  Since enclosures were monitored for such
a long period (1992 - 1995), it could have been expected that removal rates would be affected
by ongoing As and Ni additions to the enclosures. Furthermore, removal rates can be
expected to be higher  initially  when As, Ni and SO4 concentrations were highest, and lower
when residual concentrations remained in the enclosure. 
As Removal Rates: The highest As removal rate was measured in enclosure E-6 (0.29 mg@L-
1@d-1; July -September, 1992 period), the first period following enclosure set-up and addition
of alfalfa pellets.  Arsenic removal in E-4 and E-5 in the first periods following WRP seepage
addition were similar, averaging 0.14 and 0.11 mg@L-1@d-1, respectively.  The overall average
As removal rate for the first period following seepage addition was 0.15 mg@L-1@d-1.  This
average is likely the best value to use during scale-up calculations (Section 4.0) to predict
initial conditions.  Only one second period As removal rate  (0.018 mg@L-1@d-1) could be
calculated (E-5; July-August, 1993), according to the criteria described above. The removal
rates are an order of magnitude lower than the first-period overall average, and thus a good
conservative rate for scale up, accounting for reduced removal rates once initial high removal
rate mechanisms are depleted.
Nickel Removal Rates: Enclosure E-6 also demonstrated the highest first-period average
Ni removal rate (0.23 mg@L-1@d-1; n=4 periods).  Again, E-5 and E-6 average Ni removal rates
(first-period) were similar, at 0.11 (n=5) and 0.13 (n-3) mg@L-1@d-1, respectively.  Measurable
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nickel remained in the enclosures by the end of 3 (E-6) or 4 (E-4, E-5) second periods, such
than removal rates could be calculated.  All totalled, E-4, E-5 and E-6 second-period Ni
removal rates averaged 0.035 mg@L-1@d-1 (n=11), one-fifth the first-period average rate.  Third-
period Ni removal rates for E-4, E-5 and E-6 were all small, negative values, suggesting that
removal has ceased.
Sulphate Removal Rates: As observed for As and Ni, the highest average first-period SO4
removal rate (2.549 mg@L-1@d-1; n=4) were measured in E-6, the enclosure which received
alfalfa pellets and, later, potato waste, two substrates which have been demonstrated to
promote sediment microbial activity.  Average first-period SO4 removal rates by E-4 and E-5
were half that of E-6.  The overall average first period SO4 removal rate for E-4, E-5 and E-6
was 1.53 mg@L-1@d-1 (n=14).
Adequate concentrations remained in the enclosures by the end of second periods that SO4
removal rates could be calculated.  In the first period following addition of WRP-P sludge
(June-July, 1993), the SO4 removal rate was -1.25 mg@L-1@d-1, indicated dissolution of sulphate
from the sludge, while in the following second period (July-August, 1993), the E-4 SO4 removal
rate was high, at 1.038 mg@L-1@d-1.  The E-5 average SO4 removal rate was also relatively high
(0.55 mg@L-1@d-1; n=4), since higher concentrations of SO4 typically remained in this enclosure
at the end of first periods, compared to E-6, where most SO4 was removed during the first
period.
In summary, an arsenic removal rate of 0.150 mg@L-1@d-1 will be used in scale-up calculations.
This assumes that sufficient microbial activity will be in place to maintain removal rates at this
level.  Laboratory removal rates described in Section 3.2 suggest this is possible.  A nickel
removal rate of 0.154 mg@L-1@d-1, and a sulphate removal rate of 1.5 mg@L-1@d-1, will also be
used.  The enclosures each covered 5.76 m2, and contained 2900 L of water.  When the
results are scaled, the above removal rates are equivalent to 0.076 g@m2@d-1 for As, 0.078
g@m2@d-1 for Ni and 0.755 g@m2@d-1 for SO4, values which will be used in Section 4.0.  The 
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process by which As and Ni is being removed, and the forms of the contaminants which are
expected to accumulate in the sediment, are evaluated based on the laboratory  reactor
experiments, discussed later in the report.        
3.1.2 Pore Water Chemistry
Sediment interstitial solution samplers, or ` pore water peepers' (PWPs) were installed in the
top 0.3 m of sediment in each of the enclosures on June 13, 1993, in order to determine
dissolved concentrations of compounds in the sediment.  PWPs were also installed at four
locations in the BT-1 wetland and two locations in the BT-2 wetland.  Potato waste had been
added to E-3 and E-6, and WRP-P sludge had been added to E-4, E-5 and E-6 at this time.
Elevated As, Ni, and SO4 concentrations were present in these enclosures at the time of
installation.  The PWPs were sampled after 61 days on August 13, 1993.
 
The most remarkable results are obtained from E-6 pore water peeper, where dissolved As
concentration in the E-6 PWP (0.1 mg@L-1) was lower than the remainder of enclosures and
was, in fact, the same as, or lower than, in both BT-1 and BT-2 sediments PWP solutions
(Table 17) .  The highest dissolved As concentration was present in the E-5 PWP (1.77 mg@L-
1). This may represent sludge contamination of the pore water peeper port. Given the high As
concentration in the fine, fluffy sludge this is not surprising.  The E-5 enclosure had received
mulch in 1992, which is an inferior organic supply to the sediment in comparison to potato
waste or alfalfa pellets.  This sample also had the highest nickel value, which gives some
additional credence to this hypothesis. The concentration of elements in enclosure E-2
(without addition of seepage water) pore water were essentially in the some range as in the
BT-1 control sediment pore water.  The E-3 PWP reported an  As concentration of 0.28 mg@L-
1.  This enclosure received potato waste, but no seepage water.  High dissolved iron levels
may be influencing arsenic levels in this sample.  Sulphate and nutrients (present in WRP-P
sludge added on June 12, 1993) may also be
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Table 17: BT-1 Wetland, BT-2 Wetland and Enclosures Pore Water Chemistry.
Installed June 13, 1993 and sampled August 13, 1993.
Control Wetlands Control Enclosures     Enclosures
Enclosure/Area BT-1 BT-1 BT-1 BT-1 BT-2 BT-2 BT-2 BT-2 BT-2 BT-2 BT-2 BT-2
Station 150 200 200 N 250 250 300 E-1 E-2 E-3 E-4 E-5 E-6
pH 6.46 6.53 6.38 6.52 5.59 5.61 5.47 5.29 4.55 5.42 5.54 4.7
Conductivity mS/cm 58 60 43 61 116 92 86 67 415 82 120 310
Eh mV 226 221 241 214 313 315 355 321 283 241 227 243
As diss mg/L 0.19 0.16 0.16 0.11 0.60 0.62 0.35 0.18 0.28 0.30 1.77 0.10
Ni diss mg/L 0.03 0.02 0.02 0.02 0.01 0.02 0.03 0.01 0.03 0.11 0.18 0.10
Fe diss mg/L 1.50 1.50 1.20 1.10 0.97 0.66 0.68 0.84 12.00 1.20 2.40 5.50
Mn mg/L 0.075 0.045 0.049 0.064 0.066 0.041 0.036 0.039 0.91 0.07 0.13 0.45
Al mg/L 0.26 0.86 0.88 0.31 0.14 0.16 0.16 0.11 0.056 0.11 0.11 0.027
Na mg/L 2.1 2.5 2.3 2.4 1.4 1.1 1.4 1.2 3.5 1.9 1.8 4.1
Mg mg/L 1.9 1.6 1.7 1.5 0.1 0.1 0.8 0.6 8.3 0.7 0.7 4.0
Ca mg/L 2.4 1.6 1.5 2.4 2.0 1.5 1.4 1.9 29 2.4 3.9 13
required to create the correct reducing conditions for dissolved As removal within the
sediments  in addition to the organic carbon supplied by potato waste. 
Dissolved  Ni concentrations in  PWPs  were typically low in all the enclosures,  and in BT-1
and BT-2 PWPs (0.03 mg@L-1 or less), with the exception of those enclosures which received
WRP-P sludge (E-4, E-5 and E-6).  The E-4, E-5 and E-6 PWPs contained 0.11, 0.18 and 0.1
mg@L-1 dissolved Ni, respectively.  Removal of As likely occurs through formation of a ferric
arsenate in the sediment, while Ni is removed from the solution by adsorption and formation
of nickel sulphide, the latter requiring a low Eh.  As the pore water peeper sample interstitial
solution over a 30 cm depth sediment profile, it is not surprising that the pore water
concentrations of nickel are higher in the enclosures,  compared to the controls.  The
enclosures, over the course of the experiment, received approximately 0.13 kg of As and 0.18
kg of Ni cumulatively, equivalent to a loading of 0.017 kg@m-2 of As and 0.048 kg@m-2 of Ni,
which were relegated to the sediment, and the increase in Ni pore water concentrations would
be expected.
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3.2 Laboratory Reactor Experiments
Five laboratory experiments have been carried out in 2.5 L reactors to characterize the
optimum removal rates and processes for Ni and As from B-Zone Waste Rock Pile seepage
water.  The reactors represent static conditions (i.e. no continuous flow) and were closed
systems, thereby minimizing oxygen supply to the enclosed sediments.  The removal rates for
arsenic and nickel in anoxic conditions, determined in these reactors, dictate the required
retention time of water to be treated in the muskeg.  The surface area of the sediments inside
the reactor (78.6 cm2) defines the active area in the removal process with the volume of water
overlaying the sediments.   In Plate 8 a reactor is depicted.  Design criteria for the scale up
of the process can  be derived from the reactor experiments, which also serve to verify the
removal rates observed in the field enclosures. 
The main findings from the reactors are as follows:
! Muskeg sediments are capable of removing As and Ni under the proper conditions.
! Organic amendments increase the rates of As and Ni removal.
! Diluted and full strength seepages are effectively treated by sediments (the combined
seepage collected at Stn 6.11; diluted Stn 6.11 water simulating run-off events and
seepage directly emerging at the foot of the pile were tested).
! As is removed principally as organic complexes.
! Ni is removed as organic complexes and forms carbonates and sulphates in the
sediment.
! Maximum removal rates from Stn 6.11 water were 0.22 g@m-2@d-1 for As and 0.33 g@m-
2@d-1 for Ni.
! Sediment removal capacity is at least 59.3 g@m-2 for Ni and 52.2 g@m-2 for As.
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Plate 8: Laboratory Reactors Set-up, January, 1994.
In Table 18, a chronological summary of the experimental series is presented, listing for each
experiment the objectives of the experiment, the type of seepage water and organic
amendments used.  The conclusions obtained at the end of the experiments are given in point
form in Table 18 and "Footnote #" refers to publications provided in Appendix E.  These
publications contain methodology and detailed results.
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The first two experiments basically determined that BT muskeg sediments are able to remove
As and Ni from WRP seepage (Stn 6.11) water.  Seepage was used at a 5 five fold dilution
to avoid a shock to the microbial system in the sediment.  In addition, under field conditions,
the seepage will always be diluted with some fraction of fresh water rain and surface run-off.
Arsenic concentrations were amended by adding spikes of arsenate.  Because the removal
of both As and Ni was very effective after 112 days, a second experiment was set up to test
the reproducibility of the removal process.  Ninety percent (90%) of the As and 95% of the Ni
were removed in 45 days.  Measurement intervals in the second experiment were much
shorter, and the period required for effective removal  based on the 112 day period of first
experiment could be revised to 45 days.  The results were reported previously in Cameco's
"Year 1" 1993 decommissioning report (Appendix 4a: Boojum 1992 Final Report) and formed
part of a paper presented at the 1994 Pittsburgh Acid Mine Drainage Conference (see
Appendix E-2).  
In Experiment 3, three types of new water was added to the same reactors, this time
representing full strength Stn 6.11, seepage collected at the toe of the Waste rock Pile (WRP-
P) and diluted Stn 6.11 water. The reactors were run without addition of more organic
amendment.  The measurement intervals were decreased in the third experiment to determine
the removal rate.  After 21 days, significant removal had taken place in all seepage types.
Controls were run where amendment was tested in the absence of sediment to determine the
role of the sediment.  In the absence of the sediment microbial community, limited removal
was noted.  The observed limited removal is likely through adsorption of the metals to organic
surfaces introduced with the amendments.  The detailed results are summarized in the 1993
Progress Report # 2 given in Appendix E-4.
Given the reproducibility and the observed rates of removal, the approach to seepage
treatment looked very promising.  The next step in process development was to test the role
of the sediment in the removal process, to test alternative organic amendments to mulch and
alfalfa, as well as determining the chemical forms in which arsenic and nickel might be present
in the sediment.
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The reactor sediments from all the previous experiments were sacrificed for the determination
of the chemical forms of As and Ni.  A new set of reactors was set-up with sediments collected
from the field enclosure (E-6) prior to addition of organic amendments in the field.  This
assured that the same microbial community was active in the reactors and the field
enclosures.  From the results of the fourth experiment, it was determined that the organically
amended sediments indeed removed Ni and As more effectively than when no organic
amendment was added.  The details of the experiment were previously reported in a
CANMET report (Appendix E-1) and are summarized in the 1994 Pittsburgh Conference
proceedings (Appendix E-2).
In the last experiment, Experiment 5, the reactors were used to test the maximum removal
capacity of the sediments.  This was achieved through weekly additions of new Stn 6.11 water
until the removal capacity was exhausted.  After standing from day 129 to day 274, additions
of Stn 6.11 water recommenced.  By day 305, As removal ceased and the removal rate of Ni
was much reduced.  The results of the final experiment are given in Appendix E-5.
3.2.1 Forms of Arsenic, Nickel and Iron in Sediments
The sediments from Experiment 4 were used for sequential extraction tests to determine the
amounts of various forms of As and Ni held in sediments.  This technique employs extraction
in KNO3 to remove ion exchanged metals, Na4P2O7-EDTA to remove complexed ions,
ammonium acetate to remove acid soluble precipitates (including some oxides) and HNO3
to extract the remaining precipitates (mainly carbonates and sulphides).  The applicability of
the technique to these highly organic sediments was tested with spikes of known quantities
of Ni, As and Fe.  The sequential extractions yielded good mass balances for As and Fe, but
yielded highly variable results for Ni, an element having a very high adsorption affinity for
organic material.  The details of the recovery are summarised in Appendix E-1.
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The sequential analyses carried out on the sediments from the reactors and from the field
enclosures suggest that much As is held by the sediment in organic complexes.  In the
presence of organic amendments in the reactors, a substantial amount of precipitate was
present.  This indicates that reducing conditions, established through addition of potato waste
or alfalfa pellets, can lead to removal of arsenic as precipitates.  The Eh/pH phase diagram
suggests that the conditions found soon after addition of the organic amendments were
favourable for formation of arsenite (Appendix E-3).  This form of As has recently been
detected in anaerobic soils contaminated by waste waters from a gold mine (Bowell et al.,
1994).  In the reactors, Eh/pH conditions were reached which would also allow for the
formation of sulphide forms of arsenic.  It can be expected that such precipitates would be
stable and that, in the field, such conditions are prevailing in the deeper, anoxic parts of the
sediments.
The Ni data from the sequential analysis is variable and difficult to quantify with respect to
nickel forms.  Using the data generated during the last experiment, and fitting them into an
Eh/pH phase diagram for Ni, it is evident that data points fall into the zone where equilibria
favour dissolved Ni+2 .  The data indicate that at the onset of decomposition activity, when very
low Eh values are coupled to low pHs (4-5), sulphide formation is possible (Appendix E-3).
3.2.2 Removal from Water Column
At set-up, the water columns in the reactors were free of visible particulates.  A few days after
set-up, particulates formed in the reactors with added organic amendments as can be seen
in Plate 9.  After 122 days (Experiment 2) and 58 days (Experiment 4), water samples were
filtered through filter papers (0.45 :m pores) which were analyzed by ICAP.  The data are
summarised in Table 19.
Boojum Research Limited B-Zone Waste Rock Pile
March 1997 1996 Final Report110
Table 19: Filter analysis of laboratory reactor waters
Element Experiment 2 reactors  Experiment 4 reactors
04-Mar-93 07-Jul-93
Mean (n=6) SD R-2 R-3 R-4 R-5
ug/L alfalfa/hydroseeding mulch potato potato alfalfa alfalfa
Al 72 32 231 213 132 300
As 198 196 4,727 3,250 1,125 2,769
Ca 414 175 1,524 1,110 5,317 27,385
Fe 790 715 2,345 1,988 1,800 9,292
Mg 116 27 360 500 1,063 3,754
Mn 20 15 65 64 160 649
Ni 78 80 6,836 2,488 890 2,108
P 387 90 942 1,186 3,400 9,723
Reactor water was passed through a 0.45 um cellulose acetate filter.
Filters were analysed by ICAP.
  Filtered 58 days after set-upFiltered122 days after set-up
Plate 9: Experiment 4 Reactors Filter Papers, 58 days after set-up, July 7, 1993.
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All filter papers contained both As and Ni which suggests that Ni and As are formed in the
water column as particulates which will later settle to the sediment.  The filter paper
concentrations are expressed as :g of an element as particulate matter per litre.  Results
suggest that about 10% of the original dissolved As and Ni in solution was  present is a
suspended form by day 58.  The particle or colloid formation rates and the settling rates of
particles are not known.  This <snapshot’ analysis of As and Ni in particulates indicates the
importance of particulate formation in As and Ni removal.  The large differences in particulate
As and Ni concentrations in Experiment 2 versus Experiment 4 may indicate that the removal
processes in the two experiments were at different stages.
These observations are pertinent to the removal of contaminants from the water column to the
sediment.  Various precipitates form in the water column above the sediment-water interface.
Plate 9 depicts filter papers from the 1993 Experiment 4, with new reactors.  The differences
in the particulates formed in each reactor are quite drastic.  To investigate the particulate
formation process in the water column, surface techniques and colloid chemistry would be
required.  
3.2.3 Removal Rates in Reactors
In laboratory conditions, contaminant removal occurred in three phases defined by measured
changes in water chemistry:
Phase 1: 0 - 5 days Initial rapid changes in concentrations of ions are attributable to effects
of ion exchange, complexation and precipitation on contact between Stn 6.11 water and the
sediments and associated pore water.  Also, dilution of Stn 6.11 water by pore water
contributes to decline in contaminant concentrations.  The small changes in some
contaminants (e.g. As) suggest that, quantitatively, this is a minor factor.
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Phase 2: 5 - 60 days During this second phase, there were dramatic changes in all
parameters monitored, with the exception of ammonium-N, which fluctuated with no clear
pattern.  Overall, pH rose from around 4 to 7, and Eh, conductivity, acidity, Ni, As, nitrate and
phosphate all declined.  More than 90 % of the Ni and As removal, due to sediment processes
occurred within 60 days.
  
Phase 3: 60 days on Changes in chemistry in this phase were slow for all parameters
measured, and small relative to Phase 2.  Phase 3 represents a near ` steady state' situation.
The trends observed in Phase 2 continued.  Concentrations of phosphate, arsenic and nickel
declined, and conductivity further decreased during this period, while pH continued to rise.
Eh and ammonium remained fairly constant.  Nitrate and Fe remained below detection limits.
3.2.4 Wetland Sediment Resilience and Recovery
Experiment 5, the <sediment treatment capacity’ study, yielded valuable data on the dynamics
of As and Ni removal and the treatment capacity of the B-Zone muskeg sediments.  Over the
initial 129 day period of observations (discussed in detail in Appendix E-3), As concentrations
in the water column declined from 97 mg@L-1 to 5 mg@L-1.  In previous experiments with similar
conditions,  As concentration eventually declined to stable values of 0.5 mg@L-1 to 1 mg@L-1,
and Ni declined from 70 mg@L-1 to < 1 mg@L-1.
It should be noted that the conditions in the reactors were achieved with a single addition of
organic matter, but not an optimized addition. No work has been carried out to determine
whether, through optimisation of the system, lower concentrations could be reached. 
The reactors were left in the laboratory for a period of 145 days.  After that time
measurements and additions of Stn 6.11 water to the 'exchanged' type reactors were 
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resumed.  The chemistry of the water column changed little during the standing period based
on start-up measurements (day 145, see Appendix E-5).  Laboratory analyses of samples of
the <exchanged’ reactors, following 4 weekly changes of column water with 'fresh' Stn 6.11
water, showed that Ni removal had slowed down considerably, and As removal had ceased.
The limits of As removal with one 'dose' of organic amendment (potato waste) could thus be
defined.  At this time, an average removal of 410 mg of As was estimated for the two reactors.
The reactors had removed 466 mg of Ni.  A final removal capacity for Ni could not be
determined as, at the time when monitoring was terminated, Ni concentrations were still
declining in the reactors.  It should be noted that the experimental conditions in the reactors
are very stressful for a living system, as new supplies of organics and fresh water (such as
rain) are not present in a stagnant microcosm.
Although a case could be made that 0.5 mg@L-1 of As and 0.05 mg@L-1 Ni represent the final
concentrations following As and Ni removal by wetland sediments, these are the
concentrations reached in the wetlands without augmented organic productivity.  Muskeg
wetlands have naturally low productivities, due to limited nutrient inputs.  The use of wetland
sediment systems as an effective treatment option will require an increase in primary
productivity and organic matter production through nutrient additions.  B-Zone Waste Rock
Pile seepage would provide nutrients and other constituents required by the wetland microbial
communities and presently in short supply, given the low background concentrations of these
compounds in the BT-2 wetland.  There is some indication that even lower As and Ni
concentrations can be achieved, based on water quality data for enclosures E-2 and E-3, the
two enclosures which received organic amendments but no seepage water.  The lowest
concentrations reported in the monitoring data for thee enclosures was 0.07 mg@L-1 As
(Appendix D-1, page D1-7) and 0.01 mg@L-1 Ni (page D1-16).  To date, the sediment-based
removal process has been proven, but remains to be optimized with respect to factors limiting
the required microbial activity.

Boojum Research Limited B-Zone Waste Rock Pile
March 1997 1996 Final Report115
The maximum loads of As and Ni which can be added before the removal process is halted
were derived, based on the laboratory reactor responses to repeated additions of
contaminants.  Based on these data, 1 m2 of muskeg sediment (with addition of 637 g@m-2 of
potato waste; Experiment 5) is able to remove, without any further addition of organic matter,
52 g@m-2 for As and a minimum of 59 g@m-2 for Ni (Table 20).   The field enclosures received
loads of 17 g@m-2 As and 48 g@m-2 Ni, the total mass of dissolved As and Ni added to the
enclosures between July 1992 and August, 1995 (Table 20), without any signs of the removal
process slowing, although results were quite variable.  The contaminant removal ability of the
field enclosures did not appear to be exceeded, and a comparison to the reactors cannot be
made.  Given that the reactors have little ability to regenerate sediment through organic
carbon production, while sediment regeneration in the enclosures is also possibly limited as
they are isolated from other organic carbon inputs, the actual contaminant removal ability of
the sediments may be much higher in reality, and may never be reached, depending on the
contaminant loading relative to organic carbon production in the system.  For instance, with
continuous production of particulates, formed through decomposition of organic matter, new
sediment layers will accumulate, burying and mineralizing the contaminants in deeper strata
of the sediment.
Estimates of annual dissolved Ni and As loads from WRP seepages (Stn 6.11 pumping rates
and average concentrations) for the years 1992 to 1995 are calculated for comparison to the
contaminant removal ability of wetland sediments, based on the static laboratory and field test
results (Table 20).  The annual loads from toe seepages range from 60 to 620 kg for As, and
from 240 to 1,740 kg for Ni.  Using the water quality data from the seepage collection stations
and assuming no loss to group water, the As load is 1,700 kg@y-1 and the Ni load is 4,900 kg@y-
1.  Given that only a fraction of the total loading would reach the wetlands and could be treated,
the loadings based on the pumping record (270 kg As and 720 kg Ni per year, 1992-1995
average) are used to estimated the required area for removal, without optimisation of the
microbial system at work.
Boojum Research Limited B-Zone Waste Rock Pile
March 1997 1996 Final Report116
From the toe seepage investigation and the waste rock pile behaviour, there is some
indication that precipitation of contaminants takes place either within the pile (DH-6) or upon
emergence of the seepage (WRP-P).  Load reductions may be achieved by utilizing rock
material which supports precipitation of contaminants onto solid materials and by contouring
the areas where toe seepages emerge.
In Table 21, the estimated WRP As and Ni loads for the 1992 to 1995 snow-free seasons, and
the field enclosure and laboratory reactor As and Ni removal rates are used to estimated the
required wetland area to contaminant removal.  For As, required wetland area estimates
range from 0.4 ha (1994 load, lab reactor rate) to 5.0 ha (1995 load, field enclosure rate). 
For Ni, required wetland area estimates range from 0.6 ha (1992 Ni load, lab reactor rate) to
16 ha (1995 Ni load, field enclosure rate).  The largest required area, 16 ha, based on the
increased flow estimates in 1995, is close to the total area of wetlands in the vicinity of the B-
Zone waste rock pile (18 ha).
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In the following discussion, the feasibility of using wetlands to treat the currently collected
nickel load (7.2 ha from Table 21) will be used.  This area covers less than the combined
areas of the BT-1 and BT-2 wetlands.  It should also be noted that only the area with water
cover was estimated, while polishing capacity is also likely present in partially emergent areas
along the perimeters of the wetlands.  In addition, the areas of wetlands required for
contaminant removal were based on the ice free-season alone, while additional removal can
be anticipated over the remainder of the year.  During the course of the enclosures field work,
it was observed that the water levels of the wetlands, overlying perched water tables,
decreased each season by up to 0.3 m.  The bulk of WRP water is anticipated during spring
run-off, when the capacity of the wetlands for water is largest.  Finally, if the system is scaled
correctly, relatively clean water will remain in the system towards the end of the season,
allowing for high primary productivity (organic carbon production) in this period.
The estimates of the As and Ni removal ability of wetland sediments (As, 52 g@m-2; Ni, >59
g@m-2; Table 20) represent non-optimal conditions, since these determinations were drawn
from static conditions.
The number of years over which As and Ni will be removed by the existing wetland area can
be estimated.  This is based on a wetland treatment system size of 7.2 ha and the annual
average collected As and Ni loads, 270 kg@yr-1 and 719 kg@y-1 respectively, generated by the
WRP (Table 22).  Presently, the current wetland sediment, without regeneration of organic
carbon, could support As removal for 14 years, and Ni removal for at least 6 years.  Estimates
for the length of the time the pile will generate contaminants until the supply is exhausted range
from 141 years to 237 years for As, and from 73 to 91 years for Ni (Table 13).  The active
sediment layer will have to regenerate approximately ten times until the waste rock pile As and
Ni supply is exhausted. The wetlands will likely be capable of accommodating all of the
contaminants over the period in which As and Ni leaches from the pile, through direct
o c c a s i o n a l  a d d i t i o n  o f  c a r b o n  s o u r c e s ,  a s  w a s  t h e
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Tabl e 22: Year s of  Tr eat ment  Unt i l  Removal  Capaci t y Reached
Scenar i o 1:   No New Sedi ment  Pr oduct i on.
Ar ea of  Treat ment  Syst em 7. 2 ha
Aver age As l oad 270 kg/ yr
Aver age Ni  l oad 719 kg/ yr
As Removal  capaci t y 52. 2 g/ m2
Ni  Removal  capaci t y > 59. 3 g/ m2
As per year 3. 75 g/ m2/ yr
Ni  per year 10. 0 g/ m2/ yr
As:  Year s t o capaci t y 13. 9 years
Ni :  year s t o capaci t y > 5. 9 years
case in the enclosures, or through ecological engineering measures which provide additional
sediment and carbon.  The next section addresses the sustainability of the process through
an evaluation of biological capacity of the area and the potential of increasing productivity
through ecological engineering measures, such as floating wetland vegetation covers.
4.1 Sustainability of Biologically-Supported Contaminant Removal
It is anticipated that the key question which will be raised, in relation to utilizing wetlands in
northern part of Saskatchewan as passive treatment systems, is whether the processes
observed in the field enclosures and laboratory reactors will operate in the long term.
Generally, peat muskeg-type ecosystems evolve in areas with low productivity and low
decomposition rates.  Decomposition of organic carbon, however, is essential for the support
of biologically mediated contaminant removal in the sediments.  The top 0.15 m of sediment
can be assumed to be the active zone supporting the microbial community which, in turn,
assists contaminant removal.  The period required for replacement of the organic content of
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this layer should be the same as, or less that, the period over which the As and Ni removal
ability of the sediments is exhausted, if the claim to sustainability of the process is to be
substantiated.
In Table 22, it is estimated that the organic carbon content of the active sediment layer must
be replaced every 6 years, in order to maintain the contaminant removal processes.  There
are 0.15 m3 per m2 of fresh sediment in the top 0.15 m layer of the wetlands.  Assuming a dry
weight of 15 kg per 100 kg of fresh sediment (85 % water), there are 22.5 kg of organic matter
m-2, or 7.9 kg organic carbon(34 % organic carbon; Wetzel, 1982).  To replace this 7.9 kg of
organic carbon in the top 0.15 m over 6 years, the required new organic carbon production
must be 1.3 kg@m-2 every year.
Phytoplankton organic carbon production is estimated based on literature values at 0.37 kg@m-
2@y-1 (eutrophic lake, Michigan; Wetzel, 1992), while submerged macrophyte, emergent
macrophyte and allochthonous carbon input are estimated at 0.12, 1.43 and 0.04 kg@m-2@y-1
(Wetzel, 1992), totalling 0.64 g@m-2@y-1.  This productivity estimate, based on the literature
values, is therefore about half the organic carbon production required to replace the organic
carbon content of the top 0.15 m of sediment every 6 years.
In Table 23, BT-2 wetland phytoplankton productivities are calculated based on counts of a
single, dominant phytoplankton species, Dictyosphaerium simplex, in the wetland. This is the
same species as has dominated the B-Zone pit for several years.  This species alone can be
estimated to produce organic carbon at a rate of 0.008 to 0.19 kg@m-2@y-1, an amount
comparable to that reported for eutrophic systems in more temperate latitudes (Wetzel, 1982).
The high productivity is not surprising, since the nutrient supply from the waste rock pile is
plentiful both in nitrogen and phosphate.  The pile is estimated to leach phosphate for 4,000
years at 0.5 t per year.  Hence, it is reasonable to assume that any ecosystem in this area,
such as wetlands, receiving nutrients borne in waste rock pile seepage can be anticipated to
maintain high productivities in the long term.
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Dictyosphaerium simplex is not the only species present in the wetlands.  In Figure 17, the
abundance and the species diversity of phytoplankton, the major primary producers, in Lake
1 (the large round Lake on Plate 3), BT-1 and BT-2 wetlands and in the enclosures are
presented.  Generally, about 10 to 20 species are present when phytoplankton is counted and
classified.  It is also noteworthy that phytoplankton species diversity in the enclosures is
generally lower than in open wetland water.  While this may be indicative of the physiological
stress from the contaminants on the phytoplankton community, insufficient data are available
to clear substantiate ecological differences between the enclosures and the wetlands at large.
In 1995, floating wetland vegetation rafts were installed to test the possibility that additional
carbon could be produced through ecological engineering measures.  In Plate 10, the results
are shown for the second growing season after overwintering.
Plate 10: Floating vegetation rafts on BT-2 station 100 pond installed in June, 1995.
Photo taken in September, 1996.
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Floating cattail rafts have been employed elsewhere to provide a cover over passive
treatment systems in order to reduce wind-induced water mixing and to provide degradable
organic matter to the microbial consortia responsible for contaminant removal.  Systems
covered with floating cattail rafts can be used for removal of metals from mine drainage
through promoting and maintaining reducing conditions (Smith and Kalin 1992; Fyson, Kalin
and Smith, 1995).
Floating cattail rafts were placed on the BT-2 pond in 1995 to determine whether this method
for biomass production, proven at more southern sites, can function effectively in the harsh
climate of northern Saskatchewan.  The presence of natural cattail populations in the vicinity
confirms that this species can grow in this environment.  The establishment of mature plants
on rafts from seedlings in 1995, and regrowth the following spring (1996) demonstrates that
this approach can be used to add to the current organic carbon production. 
Other components determining the sustainability of the contaminant removal process include
those processes which take place in the sediment which assure that the metals are retained
in the sediments.  These processes are briefly discussed below as they have been previously
reviewed (Appendix E-1 and E-2). 
4.1.1 Microbially Mediated Reduction Processes
Conditions in the amended reactors where Ni and As were removed were favourable for
microbially mediated reduction of NO3, Fe3+ and SO42- in anaerobic conditions.  When oxygen
has been consumed, these ions will be reduced in the order NO3, Fe3+, SO42- with the
organisms gaining less net respiratory energy from each reaction.  If NO3 is available it will be
used first.  When NO3 is used up, Fe reduction will occur; when available Fe3+ (dissolved or
in solid phase) is used up, sulphate reduction can proceed.  These reactions all are net 
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generators of alkalinity which contribute to a rise in pH and generally more favourable
conditions for precipitation and complexation of metal ions (Mills et al., 1989; Zehnder and
Stumm, 1988).  The influence of these reactions may be controlled by the H2 concentration
(Lovley et al., 1994)
4.1.2 Denitrification and Dissimilatory Nitrate Reduction
The waste rock pile seepages contain high concentrations of nitrate.  As soon as O2 is
consumed, NO3 will feed denitrification  and dissimilatory nitrate reduction.
Denitrification:
4NO3-  +  5(CH2O)  +  4H+  6  2N2  +  5CO2  +  7H2O
Carried out by a wide variety of facultative and obligate anaerobic bacteria.
Dissimilatory nitrate reduction:
NO3-  +  (CH2O)  +  2H+  6  NH4+  +  2CO2  +  H2O    
This reaction yields less energy than denitrification at pH 7 and therefore denitrification is
likely to dominate.  Denitrification results in loss of nitrogen from the system as N2 gas
whereas with dissimilatory nitrate reduction, the nitrogen is retained as ammonium-N which
is difficult to remove.  As long as nitrate is entering the system in waste water, it is desirable
to remove the nitrogen as N2.
In the reactor experiment, nitrate was almost totally removed from the water column within a
few days.  This rapid use is likely due to both uptake by organisms and denitrification.  Some
may also be complexed to organics, clays and ferric hydroxide precipitates.  This process
generates alkalinity and raises the pH making conditions more favourable for metal
precipitation.  Some net removal of NH4 was also observed, probably due to uptake by
microorganisms and particularly by adsorption to organic surfaces.
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4.1.3 Iron Cycling
The waste-rock seepage water can contain low concentrations of Fe.  However, it was
observed that in the reactor experiments, when reducing conditions were established, Fe
concentrations rose up to 9 mg@L-1.  This indicates that iron is present in the sediments and
when treated with reducing conditions, is released to the water column, most likely through the
reductive dissolution of Fe(OH)3 precipitates or Fe3+ complexed to organic matter.  Although
iron concentrations in the water (in BT-2) are generally only around 0.5 mg@L-1, the limiting
factor is the rate of cycling.
Iron cycling is very important in all aquatic ecosystems, even where concentrations of
dissolved Fe are low.  Most wetlands constructed for treatment of acid mine drainage are in
fact Fe(OH)3 precipitation ponds.  Conditions at the surface of wetlands are typically aerobic
and favourable for hydrolysis, oxidation and precipitation of Fe3+ entering the system in
dissolved form.  Where iron concentrations are low, there is a constant flux between the
sediment and water column (Davison, 1985; Stumm and Sulzberger, 1992) with precipitation
occurring in the water column and reductive dissolution of precipitates occurring in sediments
where reducing conditions dominate (typically within a few cm of the surface).
This iron cycling is of great importance as it controls the concentration/availability of nutrient
ions and heavy metal ions which are adsorbed onto the surface.  Organics such as humic
acids also form complexes with Fe(OH)3 which will have complicated effects on complexation
balances (Gu et al., 1994).
Iron reduction occurs following denitrification.  In an aquatic system with incoming water, this
equates to a sediment layer below the denitrifying layer.  The importance of this process in
aquatic ecosystems has only recently been appreciated (Jacobson, 1994; Lovley, 1995;
Nealson and Saffarini, 1994).  Like denitrification, iron reduction generates alkalinity and
raises the pH, favouring metal precipitation/complexation.
4FeOOH  +  (CH2O)  +  6H+  6  FeCO3  +  3Fe2+  +  6H2O
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If iron hydroxides are present in the system, a negative consequence of iron reduction is the
release of metals which have previously co-precipitated with iron hydroxides.  However the
WRP seepages contain little iron and iron released from sediment reducing conditions is
likely complexed to organic matter and clays and its release therefore will not result in the
release of As and Ni.
4.1.4 Sulphate Reduction
Sulphate reduction is very important in marine and estuarine ecosystems where SO42 - is
abundant.  The role of sulphate reduction in these systems has been assessed in several
recent studies (Thamdup et al., 1994; Chambers et al., 1994; Holmer et al.,  1994).
Much emphasis has been placed on the use of sulphate reduction to ameliorate acid mine
drainage (e.g. Dvorak et al., 1992; Kuyucak et al., 1994).  This is because AMD contains high
concentrations of SO42-, the electron acceptor for microbially mediated sulphate reduction.
Although the WRP does not contain high SO42-, it contains sufficient concentrations so that this
process is potentially important for metal removal.
SO42-  +  2(CH2O)  +  H+  6  HS-  +  2CO2  +  2H2O
This reaction is carried out by sulphate reducing bacteria such as Desulfovibrio spp.
Sulphate reduction results in a net generation of alkalinity, an elevation of pH and the
precipitation of heavy metal ions as sulphides.  The sulphate reduction reaction provides the
S- for this.
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4.2 The Role of Organic Carbon Supply
All the microbially mediated reduction mechanisms described above require a supply of
suitable organic electron donors (or H2).  Degradable organic molecules (sugars, alcohols,
volatile fatty acids) are also required for the oxygen consuming reactions (fermentations)
which generate a reducing environment.  Estimates of the carbon which can be generated in
the wetlands were made in the beginning of the section.
For removal of Ni as a sulphide in association with sulphate reduction, the electron donor
(organic substrate) required can be  predicted from the reaction equations.  The equations
differ according to which conditions and which donors are utilized.  Overall,  two moles of
organic molecule (or H2) are required for each mole of SO42- reduced.
Total organic requirements must exceed this requirement as organics are also required to
establish reducing conditions (with loss of carbon as CO2).  Also, much of the organic matter
will be used by aerobic organisms.  If more of the system is exposed to reducing/anaerobic
conditions, then more of the organic molecules will available for metal precipitating processes.
4.3 Plant Productivity
Floating Cattail Mats: Cattail productivity in the literature ranges from 500 to 3200 g@m-
2@yr-1 (Boyd and Hess, 1970; Boyd, 1971; Klopatek and Stearns, 1978; Hill, 1987; Noe et al.,
1995).  Cattails can maintain high production rates in low nutrient conditions.  The published
productivity rates are highest in the tropics and would not be expected in the north.  Floating
rafts on a flooded glory-hole at Buchans, Newfoundland had productivity rates of 1 kg@m-2@y-1
in the second year after planting (Kalin and Smith, 1992), while higher productivities were
observed in the following three years, as cattail populations require 4 to 5 years to mature.
Productivity in northern Saskatchewan may be expected to be similar, as central
Newfoundland has a short growing season and generally cool summers.  The nutrient supply
from the seepage may promote higher growth rates.
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Algae: Copious algal growth has been observed around many of the WRP seepages.
This growth is supported by the high NO3 and PO4 concentrations in the water.  In the
experimental BT2 enclosures, little attached algal growth has been observed.  This is likely
due to the fact that these are static systems and algal growth is likely limited by diffusion rates
and consumption of oxygen by sediment microorganisms.  Where water is flowing, water
mixing is greater and therefore the potential for algal growth is greater.  Although the overall
purpose of the system is to generate reducing (anaerobic) conditions favourable for Ni and
As removal, algal growth, at least locally at the inflow to the system or in surface water, is
desirable since on its death, it provides readily degradable organics to fuel the anaerobic
microbial processes in the sediments. 
4.4 Decomposition
Decomposition can supply the electron donors required by the anaerobic alkalinity
generating/sulphide precipitating processes.  Rates of decomposition are notoriously difficult
to estimate.  Most studies employ ‘decomposition bags* where substrate is placed in field
conditions and decomposition is generally determined from the loss in weight of the material.
In field environments, there are two major problems with this.  One, which applies in all
situations, is that the material fragments into small pieces which may pass through the mesh
of the net with little molecular decomposition.  Therefore, weight losses may greatly
exaggerate decomposition rates.  Secondly, use of small mesh size will often result in
clogging and reduced exchange of materials which in turn will alter the local environment which
will in turn alter rates of decomposition.  Rates from decomposition bags should be referred
to as degradation rates, not decomposition rates.
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A substantial proportion of cattail litter (and that of other species) is lignocellulose (Jerger and
Tsao, 1987).  Lignocellulose is very recalcitrant.  Although there is good evidence that
lignocellulose can be mineralized in anaerobic conditions (Benner et al., 1984), rates are likely
slow.  If the lignocellulose is broken down in the water column, much of the decomposition is
likely to be aerobic and the breakdown products are likely rapidly respired by aerobes.  It is
likely, however, that much of the lignocellulose is ‘deposited* in anaerobic conditions.  This
may act as a ‘slow release pool*.  There is insufficient published data to indicate whether such
a pool can support reducing conditions at a significant rate.
Cellulose is likely a major source of food for the processes.  Cellulose is much more readily
broken down in anaerobic conditions than is lignin or lignocellulose and the process has been
much studied, particularly for the clostridia, as this process is of great economic importance
in relation to the nutrition of ruminants.  Cellulose is broken down by fermentation to volatile
fatty acids (acetic acid, propionic acid, lactic acid), alcohols (ethanol) and H2 which potentially
are substrates for sulphate reduction.
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